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Abstract
Pollution, specifically heavy metal pollution, in various bodies of water has been a
significant issue for decades. Research has been conducted on heavy metals and their effects on
the environment, larger fish species, and humans since the 1970s (Skidmore, 1964; Adeniyi et
al., 2007; Adeosun et al., 2015; Bawuro et al., 2018). It is known that zinc is a neurotoxin in
some species and causes harm to the environment. It is also known that it causes harm to people
if it is ingested or if they are exposed to it for long periods of time (Mahurpawar, 2015; Mizuno
and Kawahara, 2013; Mohod & Dhote, 2013; Morris & Levenson, 2017) There is ample research
on certain heavy metals and their effects on behaviors in commercially and scientifically
important fish species, such as feeding and swimming. However, there is little research in other
areas of behavior, such as learning, in fish species that are non-anthropocentrically important.
One such species is Peter’s Elephantnose fish, Gnathonemus petersii. This research project aims
to thoroughly review previous publications on the subject of heavy metals and their effect on
various aspects of fish behavior and physiology and to assess the effects that zinc has on the
learning abilities of weakly electric fish.

Keywords: heavy metals, zinc, fish behavior, fish physiology, weakly electric fish
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Preamble
The initial experiment proposed for this thesis project was different. Twenty weakly
electric fish known as Peter’s Elephantnose fish, Gnathonemus petersii, purchased through the
local aquarium trade, were to be group-housed in four separate 20-gallon tanks for the duration
of the experiment. Each tank was set to house five fish, two of which would be labeled and used
as Control and two labeled and used as Treatment. Water quality, filter, and overall health
monitoring were to happen daily, and feedings twice weekly, per laboratory standard operating
procedures. These fish would remain in this environment for the duration of the experiment to
reduce the possibility of additional stressors; fin clippings would be made to identify individuals.
Water was to be changed and re-treated as needed by treatment, which was estimated to be about
two to three times per week. After three weeks testing would start. The day after the final day of
testing, all animals were to be euthanized using approved procedures, after which blood would
be collected, and organs and tissues would be harvested for further analysis. These samples were
to be tested for zinc concentrations built up over the duration of the experiment. Samples were to
be sent to Cornell University’s College of Veterinary Medicine (Animal Health Diagnostic
Center at 240 Farrier Road, Ithaca, NY 14853). This protocol was approved by Hunter College
IACUC (Protocol # PS- Heavy Metals 9/22). However, a large portion of this had to be changed
due to the COVID-19 pandemic. In early March 2020, as Hunter College closed in accordance
with state guidelines for the pandemic, lab duties, and my thesis experiment, came to a complete
stop. Daily maintenance for the lab had to be switched to twice weekly, with only two graduate
students allowed to enter the building, myself and another student who eventually left the lab.
Since fish could not be properly maintained, this led to fatalities within the fish colonies in the
lab. Considering all the sudden changes due to unforeseen circumstances, my thesis experiment
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could not be carried out and completed as initially planned and had to be stopped early. For this
reason, experimental results could not be considered definitive. After consulting and discussing
potential changes with Dr. Diana Reiss, director of the Animal Behavior and Conservation
Program, Dr. Peter Moller, my mentor, and Dr. Peter Serrano, the second reader, it was decided
that I would present my data in conjunction with an extensive literature review (Section A). The
data obtained are to be considered preliminary and provide a basis for future studies (Section B).
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Behavioral and Physiological Effects of Heavy Metals on Fish:
Review and Preliminary Results
General Introduction
Heavy metals are naturally occurring elements, and while some in small quantities are
essential micronutrients such as copper and zinc, they are also highly toxic to living organisms in
higher doses. Heavy metals are found in small quantities in the earth and are easy to extract.
Because of their usefulness to humans, they are often used as additives to a variety of products
such as lead (Pb) in paint, toys and water pipes, mercury (Hg) in glass thermometers and
amalgam dental fillings, and zinc (Zn) in galvanized pipes, batteries, and denture adhesive
creams (Royal Society of Chemistry, 2020a, b, c). After heavy use and the discovery of their
adverse effects on human and animal consumers, research towards an understanding of the
metabolism in living organisms began for some of the more potent heavy metal ions like
mercury (Hg), lead (Pb), iron (Fe), zinc, copper (Cu), chromium (Cr), and arsenic (As)
(Skidmore, 1964). Research on heavy metals and other pollutants has been conducted since the
turn of the 21st century, for the most part investigating their effects on humans and large fish
species (Skidmore, 1964; Adeniyi et al., 2007; Adeosun et al., 2015; Bawuro et al., 2018). This
research intensified in the 1970s, very likely inspired by the environmental movement that
started in the mid-1960s spearheaded by Rachel Carson’s “Silent Spring” (1962) (Taylor, 2016).
We know today that once these metals get into the environment by way of agricultural runoffs,
industrial wastewater, mining, and wastewater treatment, they remain in soils for extended
periods of time unable to degrade properly (Anderson, 1971). Heavy metal ions, once absorbed
by the body, can have mild to severe effects ranging from headaches, abdominal pain, and
vomiting to structural damage, neurological deficiencies, and even death in humans
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(Mahurpawar, 2015; Mizuno & Kawahara, 2013; Mohod & Dhote, 2013; Morris & Levenson,
2017). In animals, research suggests that heavy metals have a detrimental effect on locomotion,
respiration, reproduction, feeding, and biochemical regulation, among other important biological
processes (Atchison et al., 1987; Sabullah et al., 2015, Govid & Madhuri, 2014).
Studies focusing on the behavioral effects of heavy metals are available for several
species. In a study by Chandra et al. (1981), rats exposed to manganese chloride and lead acetate,
as well as a combination of the two, have shown a significant reduction of motor activity and
increased learning deficits with higher doses of lead, which were aggravated when the two
metals were combined. There was a significant increase in aggressive behavior in comparison to
non-treated rats, which can be attributed to the high accumulation of lead in the brain, as well as
a decrease in dopamine, a neurotransmitter responsible for mediating pleasure, and an increase in
norepinephrine, a neurotransmitter released during physiologically stressful events (Chandra, et
al., 1981). In another study, rats treated with various types of heavy metals, including lead,
cobalt, and cadmium, showed a significant learning deficit in a passive avoidance test in
comparison to non-treated rats (Inozemtsev et al., 2008). Rodriguez et al. (2002) showed that rats
exposed to arsenic in utero, via gestating dams, also exhibited abnormal behavior and
neurodevelopmental delays after birth. A spontaneous locomotor activity test in this study
showed a significant increase in rearing behavior, where rodents stand on their hind legs and
explore their surroundings. Further testing revealed a significant learning delay in a spontaneous
alternation test in rats exposed to arsenic during fetal development versus non-treated rats, which
the authors suggested may be attributed to the significantly higher arsenic levels found in treated
rat brains (Rodriguez et al., 2002). Rabbits that have been exposed to lead, mercury, or cadmium,
showed a significant increase in aggressive behaviors and hyperactivity (Gilani et al., 2015). In
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the Columbia spotted frog, Rana luteiventris, tadpoles were found to be highly affected by the
toxic properties of lead, zinc, and cadmium (Lefcort et al., 1998). This study showed that
medium and high concentrations of these heavy metals led to a heightened mortality rate,
regardless of whether the contamination came from heavy metals in the water column or soil. For
the surviving tadpoles, there was also a developmental delay, increasing the metamorphosis time,
and a significant decrease in activity and normal anti-predatory behavior (Lefcort et al., 1998).
Other studies have studied accumulation in various species. Bioaccumulation of heavy
metals in both wild and captive populations was obtained in white-tailed deer, Odocoileus
virginianus (Zimmermann) that were studied within 100 km from a zinc smelting plant in
Pennsylvania. The animals showed significantly higher levels of cadmium in tissues, organs, and
fecal matter the closer they resided to the smelting plant (Sileo & Beyer, 1985). Zinc levels in the
liver and kidneys were significantly higher in deer found within a 5km range from the smelting
plant. The authors concluded that deer living within the range studied were likely consuming
potentially dangerous amounts of zinc and cadmium while feeding on vegetation, which was also
sampled, making it also dangerous for humans and predators of white-tailed deer alike (Sileo &
Beyer, 1985). A study conducted on sheep and humans in the vicinity of a zinc smelting plant
showed a high accumulation of heavy metals and adverse effects in most subjects studied (Shen
et al., 2019). Sheep within a 50m radius were significantly more affected than those staying
progressively further away (as far as 3000m) than the control sheep, which were located at a
remote site. It was found that there were high levels of lead and cadmium present in sheep wool
and blood. Additionally, the accumulation of heavy metal ions was likely caused by consumption
of affected corn, rice, and wheat, all of which significantly exceeded fatal dosages of assessed
metals. This then poses an imminent health issue to humans as well (Shen et al., 2019). In wild

Effects of zinc on weakly electric fish: A review

11

and captive leopard cats, Felis bengalensis, mercury and lead levels in body hair, which mirrors
blood levels, were found to be past the toxic threshold and showed to have various negative
physical and behavioral effects (Dey et al., 1999).
Effects and accumulation of heavy metals have been studied in much smaller organisms
as well. A study conducted on honeybees and their products showed that these all had high levels
of lead, zinc, and cadmium contamination (Leita et al., 1996). Dead bees, including those that
were expelled from the hive not long before their death, showed the highest levels of
contaminants, especially lead, out of the entire colony monitored (Leita et al., 1996). In another
study, fruit flies, Drosophila melanogaster, subjected to triethyl lead chloride, lead acetate, or
cadmium chloride, showed significant dosage-related developmental delays at the larval stage
(Atkins et al., 1992). These delays were observed at much lower concentrations than the known
lethal dose (Atkins et al., 1992). Even organisms as small as nematodes, Caenorhabditis elegans,
have shown that various heavy metals, including copper, lead, and mercury, resulted in
significant defects in normal movement behaviors, such as head thrashing and body-bending
(Wang & Xing, 2008).
In fish, copper and zinc can cause both hyperactivity or hypoactivity depending on
concentration and species (Atchison et al., 1987). Learning impairments in classical conditioning
experiments were found in goldfish and rainbow trout when exposed to mercury, arsenic, and/or
lead (Atchison et al., 1987). Zinc, although an essential trace element and one of the most widely
used heavy metals globally, as it is often used in rubber, paint, brass and bronze, and dietary
supplements, can be extremely detrimental to the environment and living organisms, building up
in certain organisms in as little as three days of exposure (Shyn et al., 2012). Studies have shown
that in high enough concentrations in humans, zinc can be a neurotoxin, cause severe
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neurodegeneration after any form of brain injury, and play an important part in vascular-type
dementia (Mahurpawar, 2015; Mizuno & Kawahara, 2013; Mohod & Dhote, 2013). Similarly,
zinc is a neurotoxin for fish as well, as shown by Morris & Levenson (2017). In killifish, zinc
exposure causes oxidative stress and an imbalance in ionic regulations (Loro et al., 2012; Loro et
al., 2014).
To date, most studies have been conducted in laboratories using classical conditioning
procedures, larval stage swimming speed assessments, or surveys in the wild to assess the
buildup of toxins in commercially important fish species. However, the effects of heavy metals
on cognitive abilities have not been studied using other methods, such as spatial learning tasks,
particularly testing species that may be ecologically but not necessarily commercially important.
Part of this project aimed to provide answers to how a freshwater fish, Gnathonemus petersii
(family Mormyridae), responds to prolonged zinc exposure.
For G. petersii specifically, there is a large library of published data including data
showing high performance on cognitive tasks (Walton & Moller, 2010; Jung et al., 2019;
Kareklas et al., 2017). G. petersii is a weakly electric fish species native to riverine and
lacustrine bodies of water in Central and West Africa (Moller, 1995; Crampton, 2019). It was
found that some of these waters are highly contaminated with heavy metals, such as zinc, iron,
cadmium, chromium, and mercury, due to oil drilling, and agricultural, pastoral, and industrial
runoff and waste (Farombi et al., 2007; Ibemenuga et al., 2019; Nambatingar et al., 2006; Olowu
et al., 2010). The abundance of smaller, juvenile mormyrids, including G. petersii, provides a
crucial food source for piscivorous species, including a large piscivorous mormyrid, Mormyrops
deliciosus, which is a widely human-consumed delicacy in West Africa that facilitates the flow of
heavy metal ions up the food chain (P. Moller, personal communication, August 2019).
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Understanding the effects of heavy metal pollution on fish species is important since
humans heavily rely on aquatic organisms as a food source, creating a cause for public health
concern from a physical, mental, environmental, and economic standpoint (Farombi et al., 2007).
Because heavy metals cannot be destroyed through natural biological degradation as other
chemicals and compounds can, they easily make their way into larger organisms, including
humans. This happens through the process of bioaccumulation, or the accumulation of chemicals
in an organism when the rate of intake far exceeds the rate of excretion, and biomagnification,
where the concentration of these chemicals increases exponentially as they make their way up
the food chain (Michalak & Chojnacka, 2014). Bioaccumulation and biomagnification of these
harmful substances are not only detrimental for those directly affected but every other organism
up the food chain, not just fish and humans.
Confronting and dealing with the listed health issues necessitates reviewing our current
understanding of what we know and what we don’t know yet about heavy metals and their
effects on all aspects of animal life. Previous research has been compiled into reviews to
facilitate the flow of relevant information, which covers various aspects of research on heavy
metals, including but not limited to behavioral, physiological, and morphological parameters,
organ accumulation studies in various animal species, and the direct and indirect effects these
have on humans and their livelihood.
However, past reviews often appear to be non-critical, i.e., critiquing methodology,
statistics, and failing to point to improvements, new strategies, and solutions. This review will
make such and attempt and examine previously published data, discuss and critique methods,
shortcomings, and findings, and when possible, suggest improvements. Literature searches were
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conducted using Google Scholar, Hunter College Libraries database, PubMed, Science Direct,
Springer Link, and JSTOR. This review is divided into two parts:
Part One will screen data on the administration of heavy metal (administration routes,
dose concentration and consistency), aquatic conditions (temperature and pH, ecology of the
natural habitat vs. laboratory conditions), species used and parameters (choice of species; age,
measurements, and developmental status of subjects; testing procedures; generalization of
results).
Part Two will focus on data of the organism’s behavior and related issues. Behavior
(locomotion, avoidance, feeding and foraging, learning), physiology (neurology and
musculature, olfaction).
Publications were selected initially based on relevance to Section Two of this thesis, in
similarity of species, tests, and metals, all focusing on potential behavioral and physiological
deficits. Then search was expanded to include other fish species that are of commercial relevance
as well as of environmental concerns. The search was further expanded from behavioral
parameters to also assessing physiological and chemical parameters. The search in PubMed alone
returned almost 14,000 publications. Because of the vast number of publications, literature was
initially selected by type to determine what had been previously reviewed. Publications were
chosen based on species, assessments, pollutants, and year (limited to the last 60 years), in an
attempt to provide a representative literature review. We selected 29 publications dealing with
behavioral and physiological effects of heavy metals. Appendices A – C were created to facilitate
a comparison of the content of these publications. Twenty of these were critically reviewed in the
narrative, pointing to serious or lesser omissions, problems with design and execution, and
assessing external validity. This review has lent itself to making suggestions for improvements
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on designing future studies on exploring the effects of heavy metal ions on living organism. The
discussion will outline an “ideal approach”. Appendix D was created to score these publications
in terms of how complete they were and show how close, or far, they were from an “ideal study.”
Note: Appendices also includes the reference to seven studies that were not reviewed here but
highlighted the deleterious impact of heavy metals in habitats of the species investigated in
Section B of this thesis.
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Section A – Review – Part One
Part One of this review will screen 20 publications organized under the following
headings: Administration of Heavy Metals, Aquatic Conditions, Species use and Biological
Parameters; Testing Procedures; Universality of results.
Administration of Heavy Metals
Administration Routes
The administration of heavy metals is one of the most important aspects in designing a
proper study to address relevant environmental problems. The route of administration is the way
in which a specific substance makes it into the body (Kim & De Jesus, 2021). This can be
accomplished orally, through food intake or a pill, intramuscularly, meaning directly into the
muscle, or intraperitoneally, meaning into the abdomen, through an injection. It can even be
accomplished through transdermal diffusion, or the substance passing through the skin through
short-term or long-term exposure either directly to the skin or adding the substance to water in
the case of aquatic organisms. The way in which a particular substance is administered is
important because it will affect (1) how much of a substance is absorbed into the body, (2) the
way in which the substance interacts with specific organs and biochemical or neural pathways,
and (3) the accuracy of results. For example, if we want to understand the way in which copper
in food affects the digestive system of fish, administering copper in the water column would not
lead to accurate and relevant results. Instead, the metal ions should be added to the food pellets
to ensure the most direct path to affect the target of choice. In research conducted to assess heavy
metal accumulation or its effects on varying fish species, we note a wide range of routes of
administration. While all screened publications describe the route of administration, not all
provide an explanation of the rationale behind their choice.
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An illustrative example is a study by Bowen, et al. (2006) on Coho salmon, which used
dietary zinc to administer the pollutant. The stated main point of this study was determining the
effects of excess dietary zinc and increased temperatures on behavior and physiology of the fish.
The only variable, however, that is thoroughly explained is temperature. Nowhere in this paper is
the choice of zinc administration explained, which seemed to let the reader infer it. Other studies
lay out a clear reasoning for choosing specific routes of administration.
Kumar et al. (2019) studying the effect of dietary zinc and water-borne lead on growth
performance in fish when subjected to stress, provide clear reasoning for their choice of
administration of lead in the water column. Lead, unfortunately, is a persistent pollutant in
certain aquatic ecosystems, usually found water-borne or in the sediment rather than in
consumed prey organisms. While zinc is also found in the water column, the authors in this study
assessed zinc for its nutritional value rather than as a pollutant.
In a study conducted by Falcão et al. (2019), the authors distributed the antidandruff zinc
pyrithione in the water column to test its effect on various behavioral and physiological
parameters in the freshwater fish Gambusia holbrooki. The authors clearly explained their choice
of administration for its ecological relevance and application for human use. Similar reasoning
was given by De Boeck et al. (2006) for their use of sublethal copper in the water column to
assess swimming and respiratory performance in three different fish species (common carp, gibel
carp, and rainbow trout). However, it’s important to note that the exposure to copper affected
these three species differently, although it may or may not be related to administration route.
Dose Concentrations and Consistency
The choice of metal ions relevant to species and environment, their dosage as well as
precautions to maintain concentration consistence throughout the study is of paramount
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importance. To understand the effects metal pollution has on fish, studies must use dose
concentrations that are relevant to naturalistic conditions, i.e., paying attention as to the species’
(fish’s) natural habitat. When these concentrations are excessive or in any form absent from the
species’ environment, then there needs to be proper reasoning given for this choice.
Hansen et al. (2009) have tested a range of concentrations in Coho salmon and rainbow
trout with a clear explanation of the range of concentration chosen that accounted for
environmental relevance. They pointed to the lack of data that investigated a combination of
heavy metals when assessing their effects on behavioral parameters in fish. Citing the vast
difference between data available for single metal studies versus mixed metal studies, they
proposed a comprehensive study where copper and cobalt would be tested at varying
concentrations that simulated a specific stream in Idaho where both species, Coho salmon and
rainbow trout, used to be found in the past until it was polluted by mining activities. Black &
Birge (1980) established toxicity thresholds for larval-stage specimens, which would later be
used to determine the range of concentrations for behavioral assays. A problem with this study is
that it does not mention the range of concentrations found in the species’ natural environment,
again as pointed out before, to account for biological and economical relevance. Advice to
authors of future studies would be to clearly state the rationale for choosing specific
concentrations as it would only serve to strengthen the validity of their work.
When a single metal is being used in a single fish species, it would be appropriate to
assign ion concentrations as independent variable. With more complex studies involving
exposure of multiple species simultaneously to various metals with varying concentrations and
water conditions, an adequate statistical framework must accompany such project.
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Use of previously established concentrations can be a guide to new projects as indicated
in a paper by Capriello et al. (2019) who investigated the effects of sub-lethal concentrations of
aluminum and cadmium on hatching and swimming ability in developing zebrafish (Danio
rerio). Such information is important to have when there is no previous record of toxicity or
maximum tolerance.
When multiple metals are being used for the same species, then these will inevitably be
administered at different concentrations with different toxicity levels, even if they are all
categorized as heavy metals. We know that exposure to lead, even in minute concentrations, is
much more toxic than exposure to copper at the same concentration. The problem usually lies
with the varying concentrations of heavy metals when testing different fish species. Depending
on the size of the species, it makes sense to test concentrations, respectively, at smaller or larger
amounts. For example, one cannot test zebrafish and salmon with a 10 mg/L concentration if
they vary dramatically in size. When this is the case, then a better practice would be to consider
recorded environmental levels.
When testing fish under varying water conditions, such as freshwater versus saltwater, or
varying salinities, it is highly important to monitor and then maintain consistent metal
concentration levels. While most studies reviewed here rigorously follow this advice, two
publications should illustrate possible pitfalls.
Loro et al. (2014) explored the effects of the interactions between waterborne zinc and
salinity on adult killifish. Although their study is well explained and executed, metal
concentration and consistency throughout groups showed a problem within their acute test. Sublethal chronic exposure showed consistency in that fish tested in freshwater and saltwater at 3.5,
10.5, and 35 parts per trillion (ppt) all were exposed to a dose concentration of 500µg/L. The
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acute test, however, changed dose concentration by water salinity tested. Freshwater was tested
with eight zinc concentrations ranging from 1mg/L to 40 mg/L. Saltwater at 3.5ppt was tested at
five concentrations ranging from 10 mg/L to 50 mg/L. Saltwater at 10.5 ppt was tested at six
concentrations ranging from 30 mg/L to 80 mg/L. Finally, saltwater at 35 ppt, or seawater, was
tested at six concentrations ranging from 70 mg/L to 160 mg/L. We know that salinity is one
water parameter that influences absorption and effect of any form of pollution. Yet for this
specific study, changing the number of groups exposed to varying water types and increasing the
concentrations of zinc treatment as the salinity increased inadvertently affected the study’s
integrity. If the aim of the study was to test the effects of zinc in varying salinities, then the
concentrations should have remained constant. Testing a range of concentrations is still
permissible but cannot change by groups so drastically. Doing this will mean that results cannot
truly be compared to each other. An analysis cannot be made on acute toxicity between
freshwater and seawater because the lowest concentration in the latter groups was 30 mg higher
than the highest concentration in the former group. For such a comparison to be made, groups
should have been tested at the same concentrations throughout. The authors should have tested
all concentrations for each water group and applied it to other groups as well, or they could have
chosen a range that would have best fit all water types. As a follow-up, they could have
generated new studies assessing varying zinc concentrations for each water type, but not
compared them to each other. A study conducted by Bjerselius et al. (1993) has a very similar
inconsistency where calcium and magnesium concentrations were different even though the
copper concentration tested was the same for both treatment groups.
In detailing the consistency of dosing, procedures must be outlined how to maintain a
constant concentration throughout the course of the experiment. Depending on the route of
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administration, required concentration at the target could change due to dilution and
contamination by the prevailing ionic concentration. It is therefore strongly advised to monitor
concentrations on testing day and throughout the testing period, especially when fish are
transferred to a new testing environment. Such a situation may occur when metal ion effects are
investigated in fish using two different procedures, e.g., a maze and a chemical flume. Long-term
studies, keeping animals in a required controlled environment for days or months, are
particularly prone to dilution and cross-contamination by foreign chemicals the course of which
may stem from food stuff and excretions.
Aquatic Conditions
Temperature, pH, and salinity (conductivity)
Three important water quality factors are temperature, pH, and salinity (conductivity) an oftenoverlooked water quality determined by the ionic composition of the aquatic environment (most
abundant cations are calcium, magnesium, sodium and potassium, and most abundant anions are
bicarbonate, chloride, and sulfate). All three regulate biochemical processes, and, importantly,
affect one another.
Water temperature influences the amount of dissolved oxygen present in the water,
metabolic rates of organisms, and sensitivity of organisms to pollution among others (NOAA,
2021). pH has a large influence on important aspects of aquatic life. It is highly important for the
normal processes of reproduction, growth, and overall survival, which can only function within
narrow species-typical ranges. Rapid changes in temperature and pH levels to basic or acidic
extremes not only alter the concentration of pollutants in the water column, but also affect how
well organisms adapt due to damage to vital organs and processes caused by this change
(NOAA, 2021). Both temperature and pH affect the number of dissolved ions in the water
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column (conductivity). Further, the presence of organic and inorganic pollutants increases
conductivity (Fondriest Environmental Inc, 2013). Laws of physics tell us that pH decreases as
temperature increases. As will be highlighted below, this poses a conundrum when attempting to
main consistent levels of all three parameters. For example, if pH drops, one standard remedy
involves adding sodium bicarbonate to the water, which in turn then will increase conductivity.
These three aquatic factors play a regulatory role in the efficacy of ions in the water
column. Thus, when scant attention is given ensuring their consistency, the validity of the
obtained results may be questionable at best and inaccurate at worst.
This review identified several studies that addressed these factors, temperature, and pH,
as part of their experiment either to establish consistency or determine the role that they play in
the uptake and effect of heavy metals or other compounds. Yet not all of them discuss how
measurements were taken and how often they were recorded throughout the duration of the
study. Those studies that did mention pH and temperature kept these factors within the species’
natural habitat range. Often, there is no discussion on how pH and temperature were controlled.
Was temperature controlled using heaters (make, model, precision)? Was temperature controlled
through water changes, and if so, how often? When adjusting for pH was it done chemically
using pH drops or using baking soda (sodium bicarbonate)? Was it also adjusted using water
changes? The methods used to control these water quality parameters are important because they
can change the efficacy of metal ions in the water column, change their composition, or create
new chemicals or chemical compounds (Fondriest Environmental Inc, 2013; National Center for
Biotechnology Information, 2021). It is obvious that when water quality is not controlled, the
validity of the study will be impaired.
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It is interesting to note that in only six of the papers screened, salinity (conductivity) is
mentioned let alone its management discussed. While this factor may not be of immediate
concern in investigating metal ion effects in more than 95% of teleost fishes, there are, however,
two groups whose social interactions and orientation abilities depend on optimal conductivity
levels, the African mormyrid Elephantnose fishes (see Section B, Results) and the Neotropical
gymnotiform knifefish (Squire & Moller, 1982; Moller, 1995).
Zheng et al. (2017) used cadmium chloride as the form of cadmium to assess its effects
on 13-week-old zebrafish. The authors mention pH was maintained at around 7.33, but do not
mention how it was controlled. Conducting water changes and then adding cadmium chloride is
an appropriate way of conduct. If, however, baking soda was used to control pH, then it poses a
problem. Cadmium chloride decreases the pH, therefore creating a need to increase pH. If baking
soda (or sodium bicarbonate) is used to increase pH it will neutralize the cadmium chloride
(National Center for Biotechnology Information, 2021), and increase conductivity. Without
knowing how Zheng et al. (2017) controlled pH, we cannot know if the administered cadmium
chloride concentrations were in fact those that caused the biochemical changes in tissues.
Something similar is seen in a study conducted by Beaumont et al. (1995), which varied
both temperature and pH. Brown trout were exposed to copper at temperatures of 5˚C and 15˚C,
corresponding to winter and summer water temperatures. These were also tested with a pH of 5,
except for the control group, which remained at a pH of 7 without copper. However, there is no
mention of how these were managed. It is highly important that authors mention exactly how pH
was adjusted in publications so there is no question of how their methods may have affected
other variables within the study.
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Several studies focused thoroughly on only one parameter (temperature) but neglected
the other (pH). Bowen et al. (2006) tested water temperature in conjunction with dietary zinc.
While temperature was monitored, pH was not mentioned once in this study. This was a problem,
not only in this study, but in all other studies that failed to record, monitor, or mention pH. As
pointed out above, pH decreases with rising temperature; furthermore, pH is also affected by
organic and inorganic pollutants present in the water column (Fondriest Environmental Inc,
2013).
Other papers including Kumar et al. (2019), Cairns & Loos (1967), and Matz and Krone
(2007) all mention temperature but not pH. Salzinger et al. (1973) in their work on changes in
goldfish behavior as an early warning indicator for the presence of pollutant do not mention
neither parameter. Only nine of the studies used for this review mention both temperature and
pH. Only a handful mentioned how often these factors were tested, and none mention how they
were controlled.
Ecology of natural habitat and lab conditions
Another set of important aspects to consider when designing a comprehensive study
involves the control of testing time and the nature of water used during exposure, i.e., was the
water chemistry adapted to the conditions present in the natural habitat of the species tested. This
is of course often difficult to achieve, but an approximation should be attempted. The problem
often encountered in publications on metal ion effects is a lack of information about the chosen
aquatic testing environment. To evaluate the results, water type is just as important as noting
water quality data such as pH and temperature. Some fish species can easily adapt to a range of
conditions while others need to be maintained within a range of specific and strict conditions.
Studies screened for this review use different types of water, sometimes even for the same
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species. Often only pH and temperature are controlled to maintain the fish in good health if they
are freshwater species, but do not replicate more natural conditions, while others mimic salinity
conditions (sic!) when subjects are indigenous to ocean or brackish waters. Rainbow trout
(Oncorhynchus mykiss) inhabit only freshwater streams all their lives, but a subspecies, the
steelhead trout, migrates into the sea as well (National Wildlife Federation, n.d.). The effect of
metal ions on these two species are important because of their commercial importance.
Several studies provide information about the addition of minerals or compounds to
mimic environmental conditions that are closer in nature to natural conditions. De Boeck et al.
(2006) does this, initially using Antwerp City, Belgium, tap water that was softened and then
deionized, and water hardened with an addition of calcium chloride, magnesium sulfate, sodium
bicarbonate, and potassium chloride. This was done to attain a relatively similar ionic
composition of natural stream water (Penkov, n.d.). This is generally considered an adequate
practice to ensure semi-natural conditions in the lab. Svecevičius (2001) also used rainbow trout
in his study but provided much less information only stating that fish were maintained in
“aerated artesian water.” According to the United States Geological Survey (2018a), artesian
water is simply groundwater that “flows to the land surface because the pressure in the rocks
underground forces it to the surface.” Thus, what is missing here is a validation of the artesian
water environment (ionic \composition) compared with the trout’s home stream water; the
comparison might have been favorable, but its omission raises a question about validity. Even
less informative is a Black and Birge (1980) that does not mention the type of water, only that it
flowed from two sources during testing periods.
Such omissions can not only be found in publications investigating metal ion effects on
large, economically relevant fish, but also in studies of smaller, often lab-reared fish such as
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zebrafish. Avdesh et al. (2012) maintained that zebrafish in laboratory conditions should be kept
in dechlorinated aged water, or water that has been allowed to sit for at least 24 hours before use.
While some investigators maintain their zebrafish in either condition, but not all do, therefore
creating conditions that will inevitably create variation in results even if the same pollutant is
being tested. As pointed out before, any use of an artificial laboratory aquatic environment
should be validated against the conditions in the fish’s natural habitats, freshwater streams,
rivers, and floodplains (Markowski, 2011).
Haverroth et al. (2015) used non-chlorinated water kept under constant filtration, which
does not correspond to natural conditions, but normal laboratory conditions. Chen et al. (2014)
used a mixture of 0.6% Instant Ocean™ sea salt in ultrapure water to create what they call “fish
water.” Assuming they mean a 0.6% concentration, this would be the equivalent of 6000ppm, a
salinity level considered brackish (USGS Water Science School, 2018). Assuming that these fish
were supposed to remain in freshwater conditions, the addition of salt instead of a combination
of minerals reduces the desired impact of this study. Had there been more clarification and less
salt added, then this study would have met the accepted water parameters for zebrafish
maintenance. An older study by Cairns & Loos (1967), investigating the feeding rate in Danio
rerio when exposed to sublethal zinc, potassium dichromate, or alkyl-benzine-sulfonate, did not
make mention of the type of water used. It is no excuse, but it seems that when this project was
conducted (in the 1960’s) controlling water quality was not an issue.
Two other factors must be controlled when designing a laboratory study involving the use
of animals: lighting conditions and feeding schedules. As most teleosts are diurnal, i.e., daytime
active, it is convenient to set the light cycle for example to L:D-12:12 with lights on at 7am. The
activity rhythm of most teleost fishes is controlled by their “internal” circadian clock (Zhdanova
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& Reebs, 2006). Chronobiology has established that organisms with such a clock, regardless of
species, prepare for the change to light or dark, respectively, 2-3 hours prior to change. We know
that behavioral, physiological, and molecular activities exhibit rhythmicity, i.e., change their
status over the course of the day (Helfman, 1986). Thus, planning observations during daytime
in the afternoon say at starting at 1pm through 6pm, results will differ, the early data being
typical of daytime and the latter of nighttime.
The welfare rearch subjects is paramount, in addition to all the above-mentioned factors,
feeding, feeding diet and schedules are equally important. Attention must be paid to the fact that
feeding times and circadian rhythms may be coupled (Boujard et al., 1992) so that changes in the
susceptibility to metal ions itself is rhythmic.
Species Used and Parameters
Choice of Species
The species of choice for a study varies based on what is needed and appropriate for the
study. Depending on the study type and the type of heavy metal used the fish species will vary.
Factors that can play a role in this decision can be susceptibility to pollutants, life span or
development rate, the difficulty of observing desired behavior or assessing physiological or
biochemical parameters, ease of obtaining data or ease of keeping subjects alive. The choice of
species is also based on whether the aim of the study is to assess deleterious effects of metal ions
on commercially valuable or ecologically important species.
Sometimes the choice can simply be a matter of convenience. Zebrafish (Danio rerio)
have become the champion species regardless of the type of research. These fish are easy to rear,
have relatively fast reproduction rates, and a relatively short lifespan of about 42 months. Not
surprisingly, there is a large library of information on growth rates, reproduction, nutrition, and
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basic husbandry practices (Lawrence et al., 2012). Zebrafish are a robust species and be easily
maintained in a lab setting, unlike other more sensitive species. they are an active and social
species, which makes them excellent candidates for behavioral studies (Spence et al., 2007).
Because of their commercial interest, metal accumulation assessment in salmon, tilapia,
trout, and catfish ranks highest in publication output. It is relatively easy to get these fish from
hatcheries, farms, commercial fisherpersons, or by capturing them by investigators themselves.
Most of the studies in this review described one or the other of the above methods. Only a few
publications indicated that lab-raised fish or eggs from lab-raised parents were used.
Aside from convenience or ease of access, we must realize that these commercially
valuable species are often exposed to metal and other pollutants in the wild. This is important as
these fish affected by heavy metals are part of the complex food chain that directly or indirectly
affects humans. Exposure of salmon, catfish, and trout to heavy metal pollution can turn highly
detrimental. Not only can heavy metals affect their reproductive cycle and spawning leading to a
decrease in offspring, but they can also affect behavioral, physiological, and biochemical aspects
that can alter their survival rates. Not only would their demise affect other species that prey on
these fish, but it would collapse part of our economic system that heavily relies on fisheries.
Studies by Farombi et al. (2007) and Bawuro et al. (2018) have shown that metals are
accumulated in muscle, which of course is the main part of fish humans consume. The
accumulation of these metals only increases the higher up the food chain they advance, meaning
that when humans consume them, there will be an increasing risk of causing harm. Even species
that are of ecological importance but of little commercial interest, and thus less well studied,
such as the African Mormyridae (see Section B) contribute to the propagation of metal ions in
the food chain (see references reviewed in the Introduction).
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Regardless of convenience, financial or ecological importance, properly executed
laboratory studies as well as equally well conducted field surveys will yield answers to the
potential damage heavy metal ions can afflict, but also help develop ways to mitigate such
damage to entire ecosystems.
Age, Sex, Developmental Status of Subjects; Measurements, and Holding Facilities
Often, papers reviewed here omitted mentioning complete demographic on, age, sex, and
developmental status. Age of the fish was listed when it was the variable of interest. In their
study, Loro et al. (2012, 2014) and Hansen et al. (1999) wrote that their fish were “adults” or
“juveniles''. There is a problem in this because the age range within these categories can make a
significant difference in terms of susceptibility to heavy metals. These terms can have an age
range of months to years depending on the species. Studying adult fish that are two years old
versus a year old can make a huge difference if the age span is short. The same holds for longerlived fish species, where adults can range in age from a few months to years. As fish age they
change physiologically and behaviorally. Actual or approximate ages were rarely considered.
This is understandable, but not acceptable. When fish are obtained from hatcheries or
commercial dealers, it is difficult to determine their age. There are several, but time-consuming
ways to tell a fish’s age (Das, 1994; Lux, n.d.; Stokes.n.d.): count the annuli in course individual
scales, pectoral spines, or otoliths, akin to determining the age of trees (all of which need
microscopic assistance; the latter requires killing the fish) (Figure 1).

Effects of zinc on weakly electric fish: A review

30

Figure 1
Fish Scale Diagram and Otolith

Note. Fish Scale Diagram. Radii are the ridges

Note. Otolith from a Redear Sunfish (Lepomis

extending from the focus to the edge of the scale.

microlophus). From Ethan Stokes, Pond King

Circuli is each band/ring, and Annuli are formed by

Inc, Gainesville, TX

many circuli packed close together by a period of
slow growth.
While research on commercially valuable species for the reasons outlined above
painstakingly pays attention to the fish’s age, there is a lack of such attention given in studies on
metal ion effects to less commercially important species. A knowledge of age is necessary since
we know that metal ions affect the development at a young age in some species while affecting
the fish in different ways at later stages (Capriello et al., 2019; Chen et al., 2014; Haverroth et
al., 2015). Needless to repeat, the absence of such data affects the integrity of the study. Further,
the lack or vagueness of specific data on age renders a replication the work next to impossible,
and when such an attempt is made, any differences from the original study should not be
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surprising. Age and size both affect the susceptibility of fish to accumulation and toxicity of
added pollutants.
Authors don’t seem to recognize these potential pitfalls. Of all publications (N= 31)
reviewed, only eight noted weight, five length, and only four indicated both parameters. These
details are important when experiments are to be reproduced, especially when data on age are not
available or approximated, in which case published developmental growth ranges come handy
and avoid a laborious reading of growth rings of scales or otoliths, as outlined earlier (Das,
1994). This method, of course, is not applicable for species, especially for those with a long lifespan and rapid growth rates early in their life. But whatever method is appropriate for the species
under investigation monitoring weight and length of fish before and after treatment is good
practice to ensure that these factors were not confounding the results.
Holding conditions could have been discussed earlier together with ecology of natural
habitat conditions and lab conditions. Matters, however, get more complicated when realizing
that age does not necessarily correlate with size (length and weight) considering the fish’s
holding conditions in the laboratory (Ylikarjula et al., 200). Crowded conditions exert stress on
fish which in turn affects the regulation of growth hormones, and in this case stunted growth. It
is therefore necessary to report in addition to age and size, holding conditions that that can
ensure an environment free of stress. Further, it is important to know the time fish were held in
such communal tanks prior to exposure to treatment. Still two other factors that impact on the
subjects’ wellbeing must be added, feeding (food stuff and feeding schedules) and laboratory
lighting regimen.
Bowen et al. (2006) included measurements stated above, including age, weight, length,
and size of holding tank. Authors went above standard and not only included weight and length
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at the start of the study, but also at the end. In addition to the size of the holding tank, having this
data allows us to assess whether growth was normal, if the fish are at a growing age, or if it was
stunted due to holding conditions, or even heavy metal treatments. Loro et al. (2012, 2014) also
have weight and length parameters in addition to holding tank size, but do not have overall
change in weight and length. They only have an age range, and not specific ages. This is not to
say that the lack of these is detrimental to the study, as it still allows us to determine possible
effects of heavy metals on growth or if these are caused by something else. There are also studies
such as Shyn et al. (2012), which provide age as “adult,” and no weight or length measurement.
As stated previously, studies that have these components stated will more often than not generate
a more robust experiment.
Testing Procedures
One of the most important aspects of conducting a well-rounded study is the types of
tests that are chosen, particularly behavioral tests. The specific tests chosen must reflect and be
adapted to the animal’s normal lifestyle, i.e., do these tests reflect the natural challenges that the
fish has to overcome. When they do not, we must require an explanation for the rationale why
the test was chosen. Standard tests such as the Morris Water Maze (appropriately developed for
rats Morris, 1981), the Radial Arm Maze, or the Barnes Maze have been used regardless of the
species’ natural habits (Vorhees & Williams, 2006; Lewejohann et al., 2010). Mice, for example
are nocturnal and thigmotactic, but are tested during the day in open field situation. This kind of
test is only appropriate for species, like zebrafish, that spend time in both situations (Stewart et
al., 2012). A swimming test in a fluvarium-like system cannot be used to test the effects of
pollutants on swimming abilities of zebrafish because their swimming pattern differs succinctly
from that of salmon or trout. Similarly, an open field test for novel exploration should not be
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used in fish that prefer dark enclosed areas, or those that naturally prefer open spaces. It seems
obvious that the wrong test would lead to skewed results with subjects either spending all their
time in the center of the testing chamber or along the periphery.
With regards to heavy metal studies, this review identified problems due to a misuse of
testing procedures and a disregard of the challenges the animal faces in nature. Westlake et al.
(1974) using goldfish conducted a test commonly used in behavioral studies, a preference test,
but modified it to make it a 16-choice test instead of the standard two or three-choice test.
Sixteen chambers were arranged around the periphery of a circular arena; the fish’s
entrances into and exits from each chamber was monitored when the fish broke a light beam.
Each chamber emitted a steep gradient of copper ions of known concentration. There was
significance between concentrations that were avoided and those the fish accepted. The relevance
of this study, however, must be questioned. Goldfish do not naturally swim in such an
environment. Sections of pollution in the wild are not separated into clean, clear-cut chambers
with a specific concentration pumping through at a constant rate. Instead, areas of pollution vary
in concentrations with no determined boundaries.
Although there is no question about the fish’s learning abilities, a sixteen-chamber
experimental challenge appears too complex to navigate without some prior of acclimation or
acquisition period. Thus, how can fish avoid or prefer a particular chamber with a specific
concentration if it has not been allowed prior exploration; how can we conclude that fish avoid
one concentration and prefer another without knowledge whether preference was not affected by
extraneous factors such as lighting or unintended shelters? This publication did not answer these
questions.
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Suggestions to remedy these problems may be that instead of using such a complex
testing set-up, a three-choice test could be used where concentrations range either in shallow or
steep gradients. Probes consistently testing concentration can be placed in specific areas of the
testing set up to ensure consistency during testing. Alternatively, if a more complex set-up is
desired, it would be best for it to be conducted in an elongated, rectangular set-up allowing more
space for fish compared to a circular enclosure.
Several testing procedures have explored the effect of heavy metal ions on living
organisms, and each time rationale for one or the other choice should be included in the
publication’s narrative. Fish have been observed and tested in open field studies in the absence
(mere observation) or presence of environmental challenges (solving spatial tasks), and in
conditioning studies.
Ivens et al. (1998) investigated learning and memory impairment due to exposure to the
insecticide parathion (organophosphate) and found no cumulative adverse effects on both.
Testing procedures must also be tied with statistical analyses of results. Most studies in
this review apply some form of statistical analysis. Most opt for a standard t-test of data. Others
apply ANOVAs followed by post-hoc tests where appropriate. This ensures that data is properly
described and presented. One study that did not include statistical analyses was Cairns and Loos
(1967). Although they looked at changes in feeding rates, they only described the data but
applied no analysis. This study would have been much more significant and robust had statistics
be run, such as a repeated measures ANOVA followed by post-hoc tests if necessary.
Furthermore, power analyses would be important for smaller studies to determine if the sample
size was large enough to establish significance.
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Universality, Generalization of Results
The goal of any type of research is to establish testable hypotheses and resulting theories
that are of universal value. Thus, applied to this review, we must ask whether the authors
examining the effects of heavy metals on fish physiology and behavior have discussed any
application of their results to other organisms including humans. There is a tendency, especially
younger scientists, to assume and accept that their results are meaningful and applicable across a
wide range of species and environmental conditions without relevant background checks.
Universality of results addresses three key aspects: replication, validity across species,
and validity across similar environments. To ensure replicability, methods, procedures, and
analyses must be described in such a way that allows others to conduct the study as it had been
originally. The new findings should be comparable to the original study. For the current studies
on assessing heavy metal effect on fish behavior, physiology, or development, this appears to be
difficult task. This is because the results may be comparable to the original, but only applicable
to the same parameters set for the initial study. As in the case of Hansen et al. (1999), the study is
too complex and has so many variables that it is difficult to replicate and apply to other species.
Unfortunately, many of the reviewed studies have not been validated or replicated because of the
competitive nature of the scientific publishing world. (Tiokhin et al., 2021; Miyakawa, 2020).
The second aspect of universality concerns the ability to apply results across multiple
species and thus assess their external validity. When it turns out to be difficult to replicate the
results for a study using the same species (Haftka et al., 2019), it becomes problematic to assume
that the original findings may apply to other, even non-related species. A way around this would
be to design a multiple-species study testing fish within the same subgenus (e.g., Pacific trout,
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Pacific salmon; Onchorhynchus). When data are comparable, it seems warranted to extend these
findings to higher taxa, genus, or family (Salmonidae) provided species share.
The third aspect concerns the validity of results across environments. This is likely the
most difficult aspect to achieve as variables such as temperature, pH, and salinity that affect
distribution and rate of uptake of heavy metal ions are not fixed parameters but vary from habitat
to habitat and even in different laboratory settings. Loro et al. (2012, 2014) and Bjerselius et al.
(1993) demonstrated how the effect of heavy metals changes based on salinity or hardness of the
water, and again, these parameters are not the same in different aquatic environments.
Approximations may be possible though, when comparing effects in fish staying in river flood
plains, salt marshes, freshwater lakes or other venues characterized by comparable water
qualities.
Summary and Conclusions
Although the selection of studies reviewed here was small, we nevertheless maintain that
they have highlighted a representative catalogue of critical issues, omissions, and lack of detail
common across these studies.
This review has enumerated the specific conditions and requirements to ensure “good
science”. Far and foremost, this includes working with healthy subjects, a detailed description
and rigid control of testing procedures and the testing environment, and last but not least, the
appropriate statistical treatment of data to warranty high external validity. Whether these
requirements were heeded was narrated and also quantified in Appendix D. This review has
noticed many lacunae in project design and execution.
Often, the design is adequate, but a lack of detail in terms of water quality parameters,
subject information such as age, sex, and size render replicability difficult if not impossible. We
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also noted the absence of a careful consideration of potentially confounding variables. In several
instances we have proposed ways to improve or redesign the published reports. We must address
several perennial questions: Are we choosing the right animal and the right (appropriate) test?
How does an elaborate laboratory design reflect the organism’s habitat? What if we find
discrepancies in results when comparing data on heavy metal ion exposure, for example, from
surveys in the animals’ natural habitat and laboratory data? This review will end by sketching a
list of required items to consider when designing experiments to investigate the effects of heavy
metal ions on living organisms, here mainly focusing on aquatic organisms. We don’t claim that
this list is complete, but it summarizes the issues we encountered in this review.
Guidelines for an ideal design
1) Choice of species and test. What is the relevance of these choices to economical and
conservational factors? Does the chosen laboratory test reflect ethological relevance? To
what degree does the chosen species have “champion species” status, i.e., is accepted as a
proxy for related species?
2) Report demographics. Species, age, sex, developmental stage – wild caught or
laboratory-bred, health status. Provide rationale for these choices.
3) Laboratory holding facilities. Size of holding and testing tanks, temperature, salinity and
pH (when working with aquatic organisms), humidity (follow IACUC and/or ALAAR
regulations). Light and temperature control (indicate photoperiod with times on and off).
Secure permission to work with controlled substances and record this permission. Under
all circumstances, wear protective gear and handle exposed subjects and equipment
according to published guidelines.
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4) When working with fish, remember that age and size may not necessarily correlate (effect
of stunted growth in inadequate water volume).
5) Field work. Stake out the area of interest. Record ambient and water temperature,
conductivity, pH, time of day, and season.
6) Design study. Determine control, experimental groups, and placebos. Find appropriate
statistical procedures; include a-priori power analysis to determine required number of
subjects (when possible).
7) Cleary define and spell out all independent and dependent variables. It is important to
provide the rationale for your choices.
A. Independent variables. Application of or exposure to heavy metal ions. Mode of
application (water, food); concentration (variable, relevant to levels recorded in the
organisms’ environment); single or multiple metal ions application; ensure that
concentration remains stable throughout treatment. Duration of treatment.
B. Dependent variables. Changes in behavior (locomotion, avoidance, approach,
feeding, foraging; species-specific stress-related activity); physiology (neural,
muscular, tissues, organs); sensory performance (vision, olfaction, mechanical,
thermal, electric).
8) Select appropriate procedures i.e., ethologically relevant testing procedures, or
alternatively maintain as much control over confounding variables when conducting field
surveys. Open field observations and cognitive tests (e.g., maze learning) are good
options.
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9) Discuss and evaluate reliability, generalization of results, cross-specific application, and
external validity. When aware of unavoidable lacunae in your study, point them out and
explain.
10) Record all aspects of the study, even what appears mundane. When publishing, ensure all
details are presented, working under the assumption others will replicate the study. All
details are needed to properly replicate results.
Section A – Review – Part Two
Part Two of this section will screen selected published data on heavy metal ions effects
on behavior and physiology of organisms. While Part One focused on shortcomings of published
reports, Part Two will emphasize research on the wide spectrum of potentially affected targets.
Behavior
Locomotion
Studying fish behavior is perhaps one of the best ways to determine the health of an
aquatic ecosystem and allows as a first approach to determine whether pollution is present
without an in-depth water chemistry analysis. Although an abundance of publications describe
behavior in lab settings rather than in the organisms’ natural environment, the discovery of
behavioral markers that point to deleterious effects observed under lab conditions are important
guides for subsequently observing fish in their natural environment.
Detailed observations of locomotor activity in fish are for obvious reasons far better
accessible in the laboratory than in nature where the vagaries of the weather impede systematic,
controlled observations. In a standard test, having fish swim against the water flow in an array of
narrow plastic tubes, Beaumont et al. (1995a) investigated swimming performance in Brown
trout (Salmo trutta) that was exposed to sublethal copper levels. By adjusting the speed of the
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water flow one can force the fish to stay centered in the test environment. The authors found that
treated fish in increased water acidity showed significantly impaired swimming performance
compared to non-treated fish. These results were corroborated by studies on rainbow trout
(Oncorhynchus mykiss), gibel carp (Carassius auratus gibelio), and common carp Cyprinus
carpio) (De Boeck et al., 2006). The swimming performance in all three species was also tested
after exposure to sublethal levels of copper, and all three species showed a significant decrease in
swimming performance within the first 12 to 24 hours of exposure. We note here that these
results support the suggestion proposed earlier how to achieve increased external validity
(second aspect). Locomotion was studied in larval zebrafish, Danio rerio, exposed to zinc oxide
nanoparticles, often used in paints, ceramics, and plastics, among other industrial products.
Larval activity levels and mean swimming velocities significantly increased following treatment
(hyperactivity) (Chen et al., 2014). By contrast, zebrafish larvae exposed to cadmium chloride
during embryonic development showed a significant decrease in swimming velocities (Capriello
et al., 2019).
Avoidance
Avoidance behavior is an adapted survival strategy (Svecevičius, 2001) prevalent across
animal taxa, but also in plants. In response to noxious stimuli such as predators or toxic
compounds fish and amphibians exhibit a quick startle or escape reflex, which is controlled by
the Mauthner cells found in the spinal cord (Sillar, 2009). Fish avoid the presence of toxic
substances and heavy metals in particular. Their presence can affect migration and distribution
patterns. As a rule, fish will avoid areas of high contamination. However, studies have also
shown that avoidance behavior can be species-typical or vary within the same species.
Kleerekoper et al. (1972) tested goldfish, Carassius auratus, in an open field setting subjected to
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exposed to copper ion treatment. Fish showed attraction to concentrations of 11 µg/L to 17 µg/L
when the gradient was shallow, i.e., when the concentration only slowly increased. However,
when subjected to a steep gradient in copper iron concentration, goldfish immediately reacted
and avoided a much lower concentration of 5 µg/L (Westlake et al., 1974). Similarly, rainbow
trout also exposed to copper in open field, avoided low concentrations (74 µg/L), but were
attracted to high concentrations (4600 µg/L and 7600 µg/L) (Black & Birge, 1980).
In lab experiments Atlantic salmon, Salmo salar, showed avoidance of low
concentrations of both copper and zinc (Sprague, 1964), whereas in situ experiments showed
avoidance of these heavy metals at slightly higher concentrations (Sprague et al., 1965; Saunders
& Sprague, 1967).
Hansen et al. (1999) and Bjerselius et al. (1993) both groups show the effects of copper
on chinook salmon, Oncorhynchus tshawytscha, and rainbow trout, and Atlantic salmon
respectively. All three species failed to avoid high copper concentrations and instead continued to
frequent these areas. Sabullah et al. (2015) suggested that the fish’s avoidance behavior was
likely impaired due to damage to the olfactory system through the impairment of olfactory
epithelial structure.
Feeding and Foraging
Kasumyan (2001) reviewed the effects of different pollutants, including heavy metals, on
foraging behavior in various fish species. Foraging in fish is a complex behavior that comprises
various stages, starting from the search for prey and ending with the swallowing or rejection of it
(Pavlov & Kasumyan, 1998). Because it involves multiple sensory modalities and is easily
altered based on physical, psychological, or environmental factors, it is highly vulnerable to
heavy metal pollution. Kasumyan noted that fish exposed to heavy metals at high concentrations
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or for a prolonged time often develop anorexia, defined as a discontinuation of feeding. Brook
trout, Salvelinus fontinalis, have been shown to significantly decrease foraging while exposed to
copper sulfate, and completely discontinue the behavior at high concentrations, ranging between
17µg/L and 24µg/L. Common carp, Cyprinus carpio, have also shown this decrease and eventual
discontinuation of foraging behavior after exposure to different concentrations of mercury
chloride, copper sulfate, cadmium sulfate, and zinc sulfate (Kasumyan & Morsi, 1998). Common
bream fingerling, Abramis brama, subjected to cadmium treated water show a decrease in both
the time spent foraging and food consumption rate (Gerasimov, et al., 1991). Zebrafish,
Brachydanio rerio, exposed to zinc showed a decrease in reaction distance to prey and an
increase in consumption time (Nyman, 1981; Cairns & Loos, 1967). Similarly, eastern
mosquitofish, Gambusia holbrooki, that have been treated with zinc pyrithione, a commonly
used biocide, for 72 hours showed a significant increase in time taken to feed both on a single
daphnid and three daphnids (Falcão et al., 2019). Based on these studies, and Kasumyan’s (2001)
assessment, we conclude that depending on the concentration of and exposure time to the toxin
disturbs various phases of the foraging behavior and even halts this behavior altogether in more
susceptible species. Other species however, such as the Coho salmon, Oncorhynchus kisutch,
show an increased feeding rate after being exposed to an excess amount of dietary zinc (Bowen
et al., 2006). This feeding rate, the authors propose, might be due to the lower weight gain and
growth rates of the exposed fish versus those not exposed to dietary zinc. They suggest that a
significant amount of energy must be spent due to the systemic uptake of zinc, so the fish
compensate by increasing their food intake. Other authors point out that this variation in
behavior by species has to do with the fact that resistance to toxins varies greatly by species, but
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also within species, based on size, oxygen consumption, and uptake and accumulation speeds
(Skidmore, 1964).
Learning
Cognition and learning are subjects that are rarely studied in fish in relation to heavy
metal pollution. Of the few published studies, most focus on neurobiology and neurochemistry of
fish exposed to pollution rather than learning through memory assays. Although rare, there is
evidence that heavy metals affect memory and learning abilities in certain fish species. Using a
passive avoidance test to assess memory in zebrafish that had been exposed to zinc chloride for 4
days, a study revealed that higher concentrations of zinc chloride led to significantly lower
memory retention (Sarasamma, 2018). Goldfish that have been exposed to arsenic, lead,
mercury, or selenium, at varying concentrations, showed a significant impairment of learning
behavior in a classical conditioning test at concentrations much lower than the lethal
concentrations for 1% (LC1) (Weir & Hine, 1970). Furthermore, goldfish exposed to varying
concentrations (6 µg/L or 10µg/L) of mercury have also shown learning impairments in classical
conditioning experiments (Salzinger et al., 1973).
Physiology
Neurology and Musculature
Swimming performance can be analyzed through an assessment of blood chemistry and
the effects it has on musculature and neurology. In Brown trout, for example, after prolonged
exposure to sublethal copper levels, blood ammonia levels were tested during rest and
immediately after finishing the swimming assessment (Beaumont et al., 1995b). Authors found
that plasma ammonia levels were positively correlated with the presence, and increase, or copper
ions in the water column. Trout that were part of the control group showed an increase of plasma
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ammonia levels. However, they were significantly lower than those present in copper treated
subjects. Based on this study, at least in trout, ammonia buildup does not appear to be a normal
occurrence either at rest or during exercise periods. Although the presence of sub-lethal copper
ion concentrations in the water column is not the only way the physiochemistry of these fish can
be affected, its addition to a mix of other factors, such as pH and temperature change, can cause
enough disruption to affect swimming abilities. Further experiments into the generation of
ammonium ions through exposure to heavy metals have revealed that these are known to affect
several ions and enzymes involved in energy metabolism. It has been proposed by multiple
sources that this chemistry change affected the fish’s ability to use its musculature and increased
instances of muscular fatigue (Beaumont et al., 1995b; De Boeck et al., 2006).
It has also been proposed that the increase in ammonium ions may have affected the
central and peripheral nervous systems directly, therefore creating neuropathy in the fish.
Lukyanov et al. (1980) and Blaxter & Hallers-Tjabbes (1992) confirmed of this idea in earlier
experiments as they discovered that most pollutants, whether heavy metals, sewage, or others,
directly damage the central nervous system or distort the receiving and processing abilities of the
sensory system in fish.
Sarasamma et al. (2018) discussed a similar effect caused by zinc chloride in zebrafish.
Exposure to this compound in concentrations higher than 1ppm revealed a significant increase in
brain zinc ions coming from external sources in comparison to control subjects, as well as other
organs. These fish also showed that metallothionein, a protein that binds with heavy metals and
allows for greater absorption in the brain was also significantly higher. Biochemical analyses
indicated that oxidative species were heightened, leading to high oxidative stress and impaired
anti-oxidative abilities leading to increased stress levels and potential cell necrosis (Sarasamma
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et al., 2018). Further analysis revealed that gamma-aminobutyric-acid (GABA) levels, an
inhibitory neurotransmitter known to decrease nervous system activity, were elevated, while
acetylcholine (ACh), an important neurotransmitter at the neuromuscular junctions, showed
significantly lower levels than their control counterparts. This was also found in zebrafish treated
with copper, where muscle ACh and acetylcholinesterase (AChE) were significantly impaired
(Haverroth et al., 2015). These findings together reveal that zinc chloride has an inhibitory effect
on neuromuscular function, leading to a decrease in memory retention and locomotion activity,
among other impairments (Sarasamma et al., 2018; Haverroth et al., 2015). This was also seen in
zebrafish exposed to cadmium, where reactive oxygen species levels increased in the brain, as
did inflammatory responses in the brain (Zheng et al., 2016).
Furthermore, studies with adult and larval zebrafish demonstrate that cadmium exposure
induces oxidative stress that easily overwhelms natural responses that would mitigate the effects
of cadmium toxicity (Matz & Krone, 2007; Blechinger et al., 2007). This means that higher
concentrations of cadmium led to a systemic accumulation, including on mucous membranes,
which can result in an interference with oxygen diffusion (Green & Planchart, 2018). This idea
makes sense as many studies conducted on the bioaccumulation of heavy metals in various
organs, across fish species, have shown a significantly higher concentration of these metals in
exposed fish versus non-exposed, control fish. In tilapia (Tilapia zilli) and catfish (Chrysichthys
nigrodigitatus) in Epe and Badagry Lagoons in Nigeria, showed high concentrations of zinc,
iron, and nickel in head, gills, tail, and intestines (Olowu et al., 2010). African catfish, Clarias
gariepinus, in the Ogun River in Nigeria, show significantly higher concentrations of zinc, lead,
and copper in heart, gills, kidneys, and liver than control subjects, raised in a site free of toxins,
some of which revealed zero accumulation of these metals (Farombi et al., 2007). When high
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deposits of heavy metals are found in fish that live in areas with high levels of heavy metals in
the water column and sediments to which they are continuously exposed, it is plausible that these
fish would too show neurological damage that can lead to a plethora of abnormalities leading to
death, including apoptosis in the liver and other organs, or cellular metabolic stress (Bawuro et
al., 2018; Baatrup, 1990; Kumar et al., 2020).
Olfaction
Olfaction in fish is highly affected by heavy metal pollution, as ions in the water column
directly affect the chemoreceptors in the nasal canal, often by bonding with receptor proteins
(Kasumyan, 2001). Olfactory chemoreception is highly important in fish far, being a part of
facilitating essential tasks such as obtaining food, recognizing potential hazards (predators or
toxic substances), and controlling social interactions and reproduction (Ueda, 2021).
The literature shows that high concentrations of certain heavy metals, variable by species,
can cause irreversible damage to olfactory receptor cells. Mummichog, Fundulus heteroclitus,
and Atlantic silverside, Menidia menidia, both showed necroses of receptor cells after less than
24 hours of exposure to copper ions in addition to hemorrhaging and necrosis of other tissues and
organs, such as the lateral line and brain (Gardner & LaRoche, 1973). Similar results were
presented in a study in larval zebrafish, whereby an olfactory behavioral response, cell
proliferation assays, and confocal imaging all supported the hypothesis that copper exposure
caused cell death after as little as 3 hours. Although this damage was reversible only in
microvillous olfactory system neurons, and not others, prolonged exposure to a higher rate
revealed damage with an increase in severity of cell injury (Ma et al., 2018). The death of cells
due to heavy metal toxicity is backed up by a study conducted on guppies, Poecilia vivipara,
assessing behavior and physiology after exposure to waterborne zinc in salt and hard water

Effects of zinc on weakly electric fish: A review

47

(Leitemperger et al., 2019). This species has been known to resist a wide range of environmental
challenges. It appears though that in zinc-contaminated hard water, there is an increased
generation of highly reactive oxygen species that cannot be detoxified at a rate that prevents the
oxidizing of important proteins. This, according to the authors, then leads to damage of various
cell components and necroses (Leitemperger et al., 2019).
Section B - Preliminary Results
Behavioral and Physiological Effects of Heavy Metals on Fish
Materials and Methods
Twenty weakly electric fish, known as Peter’s Elephantnose fish, Gnathonemus petersii,
were purchased through the local aquarium trade. Initially fish were housed communally in a
200-L tank. Water conductivity, temperature, pH, and quality were monitored and kept within
limits specific to this species. Water temperature was kept constant using small temperatureregulated heaters placed inside the tanks. pH and conductivity were adjusted by performing
water changes as needed outside of the regularly scheduled changes (Hanna Instruments Combo
pH/Conductivity/TDS Tester). Tanks were continuously filtered and aerated. Water and filter
changes were performed every three days. Lights were kept on a 12:12 hour light cycle with
lights on at 8:00 am. Fish were fed black worms twice per week. All fish were kept in tap water
(NYC tap water) in the communal tank for 10 days of acclimation.
This experiment had two test groups, a control group, and a zinc-treated group. Control
group fish were individually housed in 20-L tanks and remained in this environment for the
duration of the experiment (four weeks). Zinc-treated fish were group-housed in a 75-L tank at
the start of the experiment and remained in this environment with the addition of zinc acetate
dihydrate (Sigma Aldrich, Product No. Z0625) at a concentration of 0.50 mg/L. This
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concentration was chosen based on published peer-reviewed literature (Olowu, et al., 2006;
Ibemenuga et al., 2019; Nambatingar et al., 2006). Zinc-treated water and maze water posttesting of treated subjects were monitored for concentration levels using a zinc meter (Hanna
Instruments Zinc Photometer Kit, Product # HI97731). Treated tanks were re-treated as needed,
about every three days. Maze water zinc levels were tested at the end of day 1 and day 3 of
testing to ensure no contamination of the testing area. Tap water zinc levels in New York City for
the year 2020 were 0.019mg/L, which correlates with the amount recorded by the zinc meter
(0.02mg/L) in the tap water at Hunter College. Zinc-treated water that was removed from the
tanks for water changes were placed in special biohazard waste barrels in accordance with
Hunter College waste management policies and collected by the Hunter College Office of
Environmental Health and Safety.
Individual fish were transferred during their light cycle (8:00am to 8:00pm) from their
holding tanks into a maze to record their spatial learning ability. The maze was built from 13 mm
thick slabs of finished glass (height, 0.45 m; width, 1.22 m; length, 1.22 m; Figure 2). A thin
clear plastic liner was fitted inside the tank to create a circular arena with 1.00 m in diameter.
Two holes in this circular barrier served as the entry into the maze (from the start compartment)
and exit into the goal compartment, respectively. The goal box was made from Plexiglas but
covered in dark film and duct tape to create a dark environment these nocturnal fish have been
shown to prefer. Water conditions were kept similar to those maintained in the fish’s holding
tanks.
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Figure 2
Diagram Of Testing Maze with Specific Zones Numbered

Water temperature, conductivity, and pH were monitored before each trial. To prevent
zinc contamination into the maze each group was tested during separate weeks, starting with the
controls. The subject was placed first in the start box of the maze, with a door shut in place, and
allowed to acclimate for 1 minute. The start box (SB) door was lifted, and the subject was
allowed to swim out into the maze. If it did not exit the start box within 10 seconds it was gently
nudged using the handle of an aquarium net. Once in the maze, the subject was allowed to roam
for 15 minutes, during which time it would ideally find the goal box (GB), or maze zones 10, 11
and 12, adjacent to the goal box (goal box region). If it did not reach the goal box during this
time, the subject was placed in the goal box for 30 seconds, with a clear Plexiglas sheet covering
the entrance to prevent escape attempts. If it stopped in its trajectory for more than 3 minutes, the
subject was gently nudged to start swimming again. This counted as one trial. The procedure was
then repeated another five times for a total of six trials. This was done on three consecutive days
for all subjects. The time to reach the goal box during all trials was taken by stopwatch and
recorded. Trials were video recorded as a backup in case time was not recorded or additional
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observations needed to be made using a camcorder (Canon VIXIA HF R800). Observations for
abnormal behavior were made and recorded for all fish during the trials. At the end of all six
trials, fish were transferred to their home tank and observed for signs of stress. Testing was done
at approximately the same time daily, allowing for a fluctuation of plus or minus two hours.
Data were compiled and analyzed using a non-parametric t-test, using GraphPad Prism
and a correlation coefficient analysis using Microsoft Excel. The dependent variables were
median latencies to the goal box, latencies to the goal box region (zones 10, 11, 12, and GB),
overall movement throughout trials, and stoppage times. Latencies were analyzed based on total
latency minus the stoppage time since subjects often returned into the maze after reaching the
goal box region.
Two control group subjects were found dead before the beginning of day 3 trials. One
control group subject was removed from testing at the beginning of day 3 trials due to
unexpected impairment of swimming abilities, which led to the subject’s death the following day.
These subjects all had hemorrhaging present along their fins upon examination post-mortem.
One subject was removed from testing after the completion of trials on day 2 after showing signs
of possible stress-induced illness. The subject was medicated until recovery. One treatment group
subject was found dead during the initial three-week treatment period due to unknown causes.
One subject was found dead before the beginning of day 2 trials. The subject showed signs of
illness, including rapid-onset fin rot, and hemorrhaging along the lateral line, electric discharge
organ, and gills. One subject was not tested due to signs of neuro-muscular impairment. This
showed in the subject as the caudal peduncle and fin warping sideways towards the body, and
swimming spasms and irregularities. This reduced the total number of subjects in the control
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group from 6 on day 1 to 2 on day 3. Similarly, in the treated group, total number of subjects was
reduced from 3 on day 1 to 2 on day 3 (Table 1).
Table 1
Distribution of Fish per Testing Day
Controls
Treated

DAY 1
6
3

DAY 2
6
3a

DAY 3
2
2

a. Treated group number for day 2 based on number of fish at the start of the day. One subject
died following trial 1 on day 2.
The experiments were approved by the Hunter College IACUC (Protocol # PS- Heavy
Metals 9/22).
Results
Measurements of waterborne zinc concentrations (0.5mg/L± 0.05) confirmed that there
was no variation in concentration throughout the duration of the experiment, starting on the first
day of treatment and lasting through the last day of testing. Waterborne zinc concentrations in the
maze showed no difference to tap water concentrations (0.02mg/L).
The median latencies to the goal box region per trial, per day, revealed no statistical
significance between control and treated groups, and among days within groups (Figures 3a and
3b).
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Figure 3a
Median Time Spent Moving by Subjects That Reached the Goal Box In the Control Group

Note: Median time spent moving by subjects that reached the goal box only, across three days of
testing in the control group as a function of trials. Subjects that never reached the goal box
during the trial are not depicted in this graph. Function and R2 values are as follows for each
day: Day 1, y=33.2x + 305.1, R²=0.0.0972. Day 2, y=90.2x + 85.9, R²=0.4939. Day 3,
y=35.271x + 298.3, R²=0.1715. The apparent positive correlation was not significant.
Figure 3b
Median Time Spent Moving by Subjects That Reached the Goal Box in The Treated Group
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Note: Median time spent moving by subjects that reached the goal box only, across three days of
testing in the treatment group as a function of trials. Function and R2 values are as follows for
each day: Day 1, y=-0.8x + 159.8, R²=0.0003. Day 2, y=-77.6x + 493, R²=0.3647. Day 3, y = 51.743x + 351.32, R² = 0.6273. The data show an apparent negative correlation, although this
was not significant.
The maximum number of times a specific zone was reached per trial revealed no
statistical significance between groups or within groups (Figure 4). Outliers were removed, but
did not affect the analysis, and no statistical significance appeared between groups after this.
Figure 4
Furthest Zone Reached Per Trial (As Percent of The Total)

Note: Furthest zone reached per trial by groups, as percentages of the total (100%) across all
three days of testing. There was no significant difference in the maximum zones reached during
the trials between treatment groups. There was also no significant difference in the maximum
zone reached in comparison with the goal box region (zones 10, 11, 12, and GB) within treatment
groups.
Median time to the goal box region was analyzed using standard t-test, but this revealed
no statistical significance (Figure 5).
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Figure 5
Median Latency to Goal Box Region

Note: Median latency to the goal box region (zones 10, 11, 12 and GB) during all trials in the
treatment group versus the control group. There was no statistical significance between groups.
Average movement activity in the maze was significantly lower in treated fish, i.e.,
stopped swimming, than the control group (p=0.0252) (Figure 6).
Figure 6
Average Time Moving

Note: Average time spent moving during all trials in the treatment group versus the control
group. Treated subjects spent significantly less time moving (p=0.0252) than non-treated
subjects.
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Treated fish significantly interrupted their maze trajectory for longer periods than fish in
the control group (p=0.01187) (Figure 7).
Figure 7
Times Stopped During Testing

Note: Stoppage times as ranked occurrences between groups. Statistical significance was found
between groups, whereby the treated group stopped for significantly longer times than the
control group (p=0.01187).
Discussion
Previous data on maze learning in mormyrids showed typical learning curves, i.e., the
fish successively increased their performance eventually finding the goal in less one minute
(Walton & Moller, 2010). Our data do not corroborate these findings. There are several
arguments to explain the discrepancy. While there were minor structural differences in the maze
set up, a much smaller number of subjects, the major difference was that fish were not given a
longer (5 min) pre-trial stay in the goal compartment to familiarize the fish with the incentive, a
darkened shelter as a hiding place for these nocturnal animals. Walton & Moller (2010) too
reported occasional outliers, fish that seemingly were not motivated to search for the incentive,
or as described below stayed in darker areas of the maze that slightly differed in illumination
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from that in the surrounding space and as such were incentive enough. Because of the high
variability within subjects, it appears that control fish did not learn.
Due to circumstances to be discussed later, there were not enough samples throughout all
three days of testing to flush out idiosyncrasies which are clearly visible in the analysis. One
peculiar thing to note is that although there was no overall difference between control and
treatment groups in the time it took them to reach the goal box region, treated subjects did spend
a significantly smaller amount of time moving. This may in part be due to muscular fatigue or a
higher rate of oxygen depletion, possibly due to an effect of the zinc treatment, that required
them to be at rest for longer to conserve energy.
During the experiment period, several subjects in both groups demonstrated severe
swimming abnormalities. This included tilted horizontal swimming, or tilted vertical swimming,
with the nose down almost perpendicular to the maze bottom, backflips while trying to
reposition, or swaying from side to side while advancing in the maze. These are all swimming
patterns that are not normal in G. petersii and raised an alert about neuro-muscular wellbeing of
these fish. Similar swimming abnormalities, including loss of equilibrium and slow decline of
mobilization was seen in white sturgeon, Acipenser transmontanus, exposed to varying
concentrations of aqueous copper (Calfee et al., 2016).
Furthermore, there is a possibility that this experiment did not show expected results due
to a bacterial infection or disease in the G. petersii colony acquired for testing. Before the
experiment started, 8 of the 20 fish were found dead in a span of two months due to unknown
causes. No necropsies were performed on these due to the varying levels of decomposition at the
time they were found. It is important to note that several subjects died overnight between testing
days. These fish often had hemorrhaging around the gills, fins, and lateral line that could be
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noticed after the second day of testing. Upon further inspection post-mortem, most had reduced
fin rays, indicative of fin rot, on the caudal fin, while only two showed these signs in the pectoral
fins. The subjects that were removed from the study and medicated because symptoms of illness
were noted also showed reduced fin rays on the caudal fin (Figure 8). Literature suggests that
mycobacterial species present in aquariums, brought in by the water source used or a single
contaminated fish, can become a possible source of infection for an entire colony (Beran, et al.
2006). Literature also suggests that husbandry stressors, among other types, can aggravate
mycobacterial infections in aquarium fish (Ramsay, 2009). Typically, fish respond to stress as
most other species, by the elevation of cortisol (Barton, 2002), yet cannot adapt well to chronic
stress, leading to a higher susceptibility to disease (Schreck, 2001). It is entirely possible that the
stress of being handled and tested for hours during a three-day period for all fish and having a
heavy metal as a chemical stressor for treated fish only, triggered a chain reaction causing the
rapid demise of these fish.
Figure 8
Caudal Fin of a Sick and a Normal Fish

Notes: The left panel shows the effects of tail fin rot on the caudal fin in some of the control fish.
The right panel shows the caudal fin of a healthy G. petersii.
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We noted that subjects often swam back and forth throughout the maze, staying in one
location, or taking longer than the allotted time to complete the trial. Visual monitoring during
the testing period revealed anecdotal evidence that the subjects did in fact know the location of
the goal box. There were points where the subjects would quickly swim to zone 10, which is the
last turn before getting into the goal box region (zones 11, 12 and the goal box), but would turn
around and swim back into the maze to continue exploring or would remain at rest in that area.
Others would swim into the goal box region but then turn back into the maze, swimming back to
zone 1 or 3 and remaining there instead. Some data points, after analysis, showed a total latency
of less than 2 minutes for some subjects, with a latency of 15 minutes for the trials immediately
before and after. This occurred for several subjects starting at day 2 of testing.
There were subjects that remained in one area for most of the individual trials. These all
appeared to prefer either zones 1, 3, 5, 7, 8 or 11 (Figure 9). This is likely because those areas
inadvertently provided a form of shelter, or rather mimicked shelter (shaded areas as explained
above). Zones 1 and 3 are adjacent to each other, and create a triangular nook on each side,
where subjects would back into, choosing to remain there for a period of time rather than
continue with maze exploration. Even after instances of neutral nudging, where the back of a fish
net was used to gently poke the dorsal side of the subjects to stimulate motion, subjects would
resume maze exploration but would eventually return to those zones. Zone 7 was a nook created
as a false alley between zones 6 and 8. This area inadvertently created a semi-shaded and semiclosed off area, which the subjects may have found to be a shelter. The end of zone 8, the part
adjacent to the back of zone 7, provided shade caused by the thickness of the plexiglass, and the
angle at which the room lighting hit the area. Zone 5 had a similar problem as with the back of
zone 7. Finally, zone 11 was likely confused as a shelter due to the goal box itself, and the shade
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it cast on the small corner between it, zone 11, and the edge of the maze. Just like with other
subjects, these also received a neutral nudge if they were stationary for more than 3 minutes, at
which point they would either swim into the goal box or return into the maze and continue
exploration until they reached one of the aforementioned zones.
Figure 9
Diagram Depicting Problematic Areas in The Maze

Future Testing
Due to the constraints of the 2020 pandemic, CUNY-wide shut down policies, and timing
constraints within the aquarium trade, re-running this experiment was not possible. However, a
re-run of this experiment with some changes would have been beneficial. First, a larger fish
colony, perhaps 30 healthy fish, would be ideal, as any fish that die due to unforeseen
circumstances, such as stress or natural causes, would not reduce the group sample size, or can
be replaced. Second, the maze itself would be adjusted to decrease the areas that created a form
of shelter by providing a tight space or shade. This would be done by creating round edges
instead of the triangular edges that were present at zones 1 and 3 for example. Lighting would be
added outside of the room light to create even lighting throughout the maze. This would be
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checked with a light meter, such as the EXTECH Digital Light Meter (Grainger, Item# 1H153),
in every turn and alley of the maze. The goal box would also be modified to add one or two
smaller shelters within it, similar to one present in the home tanks, to increase the likelihood of
subjects reaching the goal box faster and remaining there. Furthermore, to be identified, subjects
can be fin-clipped and remain group housed to reduce stress levels, as was originally intended.
Previous publications show that these fish live, and prefer, large groups to thrive, even in an
enclosed environment (Poll, 1957; Moller, 1995; Moller, 2002; Walton & Moller, 2010). It is
possible that fish would not succumb to bacterial infections or disease if the only stressor is maze
testing and not also single housing. Furthermore, testing various concentrations of zinc may give
a more detailed picture of the effects this metal has on learning abilities in fish, still using a novel
maze set up instead of classical conditioning typically used. Combining these new parameters
can facilitate further, more in-depth studies, such as experiments to explore the impact heavy
metals have on socio-behavioral aspects, such as communication and learning through
conspecifics.
As stated before, there are potential cognitive deficiencies that can be caused by zinc.
Although it was not evident in this study, largely due to loss of subjects, it is still possible that it
happened. Had more subjects made it to the end of the study, or more subjects been available, it
is possible these would have been apparent. Not only is it possible to assess cognitive deficits via
learning tasks, but via biochemical analysis of tissues. The original plan of this study was to test
concentrations of zinc in various tissues, such as muscles, liver, electric discharge organ, and
brain. Testing these tissues, especially brain tissue for accumulation could go hand in hand with
learning tasks, to see if accumulation played a roll. Furthermore, it is possible to test other
biochemical and neurological components, such as neurotransmitters, to establish if a difference
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between treated and non-treated fish are present. This can then give us a clearer understanding of
cognitive deficiencies that can be caused by zinc in this particular species.
Conclusion
This experiment was designed to provide data in support of the hypothesis that even
short-term exposure to heavy metal ions such as zinc can impair learning abilities in fish, and the
mormyrid G. petersii in particular. When these fish show heavy metal-induced learning
deficiency, sensory impairments, and tissue damage as the latter has been reported for
commercially important fish species. This in turn creates a chain of effects that can be as
significant as a sudden imbalance in the food chain, including the loss of species highly
important to humans.
For commercially important species it is necessary to know how extensive the effects of
heavy metals are, particularly those that are abundant in the environment due to anthropogenic
sources, such as zinc, mercury, copper, and cadmium. These affect almost all organisms to a
degree, in biochemical, physiological, and some, in neurological ways, even at low quantities
(Briffa et al., 2020; Shen et al., 2019; Javed & Usmani, 2017),
Some of these quantities are only slightly above United States drinking water quality
guidelines but show biochemical effects throughout the body in fish that often lead to an
impaired quality of life, if not directly leading to their demise. Although the United States
Environmental Protection Agency has established specific water quality criteria, not all states
strictly follow them. And on the global level, not all countries have similar water quality criteria,
with some having strict regulations and others having a few to no regulations, meaning quantities
can far exceed those safe for humans in drinking water solely by ingesting fish. This can happen
since studies have shown that tissues in commercially important fish species, such as tilapia,
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trout, salmon, and catfish, all densely accumulate in various tissues, including muscle. Although
some heavy metals, such as zinc, iron, copper, and chromium are beneficial for our health in low
amounts, if humans ingest enough contaminated fish, they can experience severe effects
including life threatening illnesses. The investigation of heavy metal effect must be a continuous
effort as the human population grows and concurrently the unfortunate discharge of waste
products. Neglecting these efforts and understanding the detrimental heavy metal effects will
only proliferate the damage to ecosystems with all their fauna and flora.
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Appendix A
Literature with Behavior Analyses
Author(s)

Beaumont, M. et al.

Beaumont, M. W. et al.

Black, J. A., & Birge, W. J.

Year Published

1995

1995

Species, Family

Salmo trutta , Salmonidae

Salmo trutta , Salmonidae

Common Name

Brown trout

Brown trout

Micropterus salmoides , Centrarchidae

Largemouth bass

Lepomis macrochirus , Centrarchidae

Bluegill sunfish

1980

Salmo gairdneri , Salmonidae

Rainbow trout

Metal Used

Concentration

Temperature

Cu

0.47 µmol/L
0.08 µmol/L
0.08 µmol/L

5˚C

5

15˚C

n/a

0.47 µmol/L
0.08 µmol/L

5˚C

5

0.08 µmol/L

15˚C

n/a

Cu

Cd
Zn
Cd
Cu
Zn
Cd
Cu
Zn
Hg

0.09, 0.90, 8.8 mg/L
7.0 and 39.2 mg/L
0.8, 8.3, 41.1 mg/L
0.7, 8.5, 43.2 mg/L
11.3 and 43.7 mg/L
0.01, 0.05, 0.10, 1.03 mg/L
0.07, 0.4, 0.8, 4.6, 7.6 mg/L
0.01, 0.05, 0.10, 1.1 mg/L
0.0002 and 0.007 mg/L

pH

23˚C

23˚C
7.6 ± 0.3

17˚C

Blechinger, S. et al.

2007

Danio rerio , Cyprinidae

Zebrafish

Cd

0.2 µM
5 µM
125µM

28˚C

8.1-8.2

Bowen, L. et al.

2006

Oncorhynchus kisutch , Salmonidae

Coho Salmon

Zn

1900 ppm

10˚C
15˚C

n/a

Cairns, J., & Loos, J. J.

1967

Danio rerio (as Brachydanio rerio) , Cyprinidae

Zebrafish

Zn

3.7ppm
6.7 ppm

76˚F

n/a

Cu

0 µg/L
3.125 µg/L
6.25 µg/L
12.5 µg/L
25 µg/L
50 µg/L

15˚C

n/a

9 µM
18 µM
36 µM
72 µM
50 µM
100 µM
200µM

28.5˚C

7.6

28.5˚C

n/a

Calfee, R. D. et al.

2016

Acipenser transmontanus , Acipenseridae

White sturgeon

Cd
Capriello, T. et al.

2019

Danio rerio , Cyprinidae

Zebrafish
Al

NAC (N-acetylcysteine )

0.1 mg/L
0.5 mg/L
1 mg/L
5 mg/L
10 mg/L
50 µM

BSO (buthionine sulfoximine)

5 µM

ZnO NP
ZnO NP + NAC
ZnO NP + BSO

5 mg/L
see individual conc.
see individual conc.

Cu

1 µM

15-16˚C

7.4 ± 0.2

ZnPt (zinc pyrithiones)

5 µg/L
15 µg/L
45 µg/L

20 ± 1˚C

n/a

Cu

0, 0.5, 1, 5 mg/L; zygotes @ 0, 0.25,
0.5, 1, 3, 5, 10 mg/L; IP dose in adults
0, 0.5, 1, 10, 20, 100 mg/L

20˚C

n/a

Zn (as Zinc oxide
nanoparticles -ZnO NP)

Chen, T. H. et al.

De Boeck, G. et al.

2014

2006

Falcão, B. et al.

2019

Gardner, G. R., & LaRoche, G.

1973

Danio rerio , Cyprinidae

Zebrafish

Oncorhynchus mykiss , Salmonidae

Rainbow Trout

Cyprinus carpio , Cyprinidae

Common Carp

Carassius auratus gibelio , Cyprinidae

Gibel Carp

Gambusia holbrooki , Poeciliidae

Eastern mosquitofish

Fundulus heteroclitus , Fundulidae

Mummichog

Menidia menidid, Atherinopsidae

Atlantic silverside
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Appendix A continued
Author(s)

Year Published

Species, Family

Oncorhynchus tshawytscha , Salmonidae
Hansen, J. A. et al.

Common Name

Metal Used

Concentration

Cu

0, 0.25, 0.5, 0.8, 1.6, 3.1, 6.3, 12.5,
25, 50, 100, 200, 400 µg/L

Co

0, 25, 50, 100, 200, 400, 800, 1600
µg/L

Cu + Co

0, 0.8, 1.6, 3.1, 6.3, 12.5, 25, 50,
100, 200, 400 µg/L

Cu (after exposure to Cu in
home tank)

2µg/L initially, then test at
0,2,4,8,12,24 µg/L

Chinook Salmon

1999
Oncorhynchus mykiss , Salmonidae

Rainbow Trout

Temperature

pH

10˚C

7.5

Haverroth, G. M. et al.

2015

Danio rerio , Cyprinidae

Zebrafish

Cu

0.006 mg/L (0.015mg/L CuSO4)

26 ± 2˚C

n/a

Kleerekoper, H. et al.

1972

Carassius auratus , Cyprinidae

Goldfish

Cu

50 µg/L

18-20˚C

8.4

Control

n/a

Water only

n/a
25°C

n/a

28°C

n/a

n/a

n/a

28.5˚C

7.0-7.5

Leitemperger, J. et al.

2019

Poecilia vivipara , Poeciliidae

Guppy
Zn

500 µg/L
0.5 µM
1 µM
5 µM

Matz, C. J., & Krone, P. H.

2007

Danio rerio , Cyprinidae

Zebrafish

Cd

Salzinger, K. et al.

1973

Carassius auratus , Cyprinidae

Goldfish

Hg

0.01 ppm
0.006 ppm

Sarasamma, S. et al.

Sprague, J. B.

2018

1964

Danio rerio, Cyprinidae

Salmo salar L. , Salmonidae

Zn - acute

2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 15.0
mg/L

Zn - chronic

0.1, 0.5, 1.0, 1.5 mg/L

Cu

2-10µg/L

5
15
17

7.1-7.5
n/a
n/a

Zn

3-10 µg/L

5
15
17

7.9-10
n/a
n/a

Zebrafish

Atlantic Salmon

Sprague, J. et al.

1965

Salmo salar L. , Salmonidae

Atlantic Salmon

Cu

varying starting at 0 ending with 1 ILL
(incipient lethal levels - 48µg/L)

n/a

n/a

Svecevičius, G.

2001

Oncorhynchus mykiss , Salmonidae

Rainbow Trout

Cr

0.0015, 0.003, 0.015, 0.03, 0.15, 0.3
mg/L

10.5–11.5°C

7.9-8.1

Westlake, G. F. et al.

1974

Carassius auratus , Cyprinidae

Goldfish

Cu

0.005 ppm
0.01 ppm
0.025 ppm
10 ppm

n/a

n/a

Zheng, J. L. et al.

2017

Danio rerio , Cyprinidae

Zebrafish

Cd

n/a

n/a

0 mg/L (control)
1 mg/L
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Appendix A continued
Author(s)

Group Size

Type of water

Length of Exposure

Age

Weight

Length

Beaumont, M. et al.

12
12
12

soft fresh water (Ca2+ @ 50µmol/L)

96h

Adult

300-600g

n/a

Beaumont, M. W. et al.

n/a

96h

Adult

300-600g

n/a

fresh "lake" water (Ca2+ @ 25µmol/L)
fresh "river" water (Ca2+ @
50µmol/L)

35-40 mm

Black, J. A., & Birge, W. J.

10 /type /concentration

n/a

~20-30m (only during
testing)

35-60 mm
Juvenile

n/a

30-50 mm

Blechinger, S. et al.

24
24
24

Triple distilled, carbon filtered

3 hrs (80h to 83h postfertilization)

80-83h & 50
days

n/a

n/a

Bowen, L. et al.

24 (12 control/12 zinc)
24 (12 control/12 zinc)

n/a

21 days

Juvenile (2-3
months)

4.6-5.2g (14.114.2g at end)

60-65mm (6573mm at end)

Cairns, J., & Loos, J. J.

10/type / concentration

n/a

96 hours (testing period
only)

n/a

n/a

n/a

Calfee, R. D. et al.

240 total subjects, group size
unknown

n/a

72 hr (30dph) & 96hr
(2dph)

Juvenile (2 days
post hatch & 30
days post hatch)

n/a

n/a

Capriello, T. et al.

50/type/concentration

Breeding solution (E3 medium)

72 hr (6hr postfertilization)

6h postfertilization

n/a

n/a

40/concentration

Fish water (0.6% Instant Ocean®sea
salt in ultrapure water)

up to 144h postfertilization (dependent
on group)

144h postfertilization (at
hatch) to freeswimming stage

n/a

n/a

60/ species

DI water with 2mM CaCl2, 0.5mM
MgSO4, 0.77 mM NaHCO3, and
0.08mM KCl

28d (sampled ar 12h,
24h, 3d, 7d, & 28d)

dechlorinated tap water w/
continuous aeration

Acute (48h) & Chrinic
(28d)

n/a

n/a

2-2.5cm

natural sea water (20% salinity
adjustment)

1, 2, 3, 5, 7, 14, or 21
days; some Fundulus
adults - 1 or 2 IP
injections

Fertilized eggs,
fry, and adults

n/a

n/a

Chen, T. H. et al.

De Boeck, G. et al.

Falcão, B. et al.

Gardner, G. R., & LaRoche, G.

10/ exposure/ concentration
312 adult, 140 advanced fry,
140 zygotes
36 adults

23.4 ± 5.3g
n/a

20.7 ± 5.2g

n/a

17.2 ± 4.5g
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Appendix A continued
Author(s)

Group Size

Hansen, J. A. et al.

10-20 per concentration
(actual #/concentration not
noted)

Type of water

Length of Exposure

DI water + well water

20 minutes (duration of
test) at rate of 2.5
mL/min into avoidance
chamber

Age

Weight

Length

65-160mm
Juvenile

n/a
34-110mm

25-30d

Haverroth, G. M. et al.

20 control; 20 treated (200
total for 5 exposures)

Kleerekoper, H. et al.

7 (one for each experiment)

dechlorinated tap water w/
continuous aeration and filtration

24h

Adult (4-6mo)

n/a

n/a

n/a

n/a

30 cm

96h (72h before beh.
Analysis)

n/a

n/a

n/a

72hpf

n/a

n/a

29-52g

n/a

Adult (6-7 mos)

n/a

n/a

tap water in home tanks, plus NaCl in
24h (1 subject as control
"normal" test chamber to compare
for 30 days)
to Cl content in CuCl chamber.
tap water
Salt water (Instant Ocean® sea salt to
fresh water @ 25 g/L, 25ppt)

Leitemperger, J. et al.

n/a

Matz, C. J., & Krone, P. H.

225 total for lethality; ~650
total for other assays

tap water

96h

Salzinger, K. et al.

3
3
3
3

tap water

n/a

18/ concentration
Sarasamma, S. et al.
n/a

Hard water (CaCO3 @ 120 mg/L)
tap water
Salt water
Hard water

Filtered water through reverse
osmosis

24h, 48h, 72h, 96h
21 days

Sprague, J. B.

n/a

soft lake water (chlorinated at town
source), carbon filtered in lab

2hrs to >10 days
(survival)

n/a

n/a

6.4 - 11.7cm (September
tests); 10.2-19.5cm
(October - December
tests)

Sprague, J. et al.

n/a

Tap water of likeness to river water

n/a

"young" 1-3y

n/a

n/a

Svecevičius, G.

10/concentration

aerated deep-well water (minimum
flow rate 1 L per 1 g of their wet body
mass per day)

during test only (20
minutes)

1y

8.0 ± 0.5g

80 ± 0.5mm

Westlake, G. F. et al.

22 total

regular tap water, carbon filtered

during test only (8 hours)

n/a

n/a

28-30cm

Zheng, J. L. et al.

280/group

n/a

12h

13wk (10wk at
arrival)

0.45-0.5g

n/a
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Appendix A continued
Author(s)

"Behavioral" Test

Other Test

Beaumont, M. et al.

Critical Swimming Speed (Ucrit)

Plasma ammonia (Tamm); water ammonima

Beaumont, M. W. et al.

Critical Swimming Speed (Ucrit)

Routine oxygen consumption (M O2); Plasma protein, lactate, Sodium, & Chloride

Black, J. A., & Birge, W. J.

"Avoidance Fluvarium" - preference test

embryo-larval toxicity tests

Blechinger, S. et al.

Fright response in open field w/ center shelter

cell death analysis on embryos (post-exposure) and larvae (post-test)

Bowen, L. et al.

30m observations every other day (aggression & feeding)

Liver chem analysis & Heat shock/stress protein (hsp-70) analysis on gills, muscle, liver

Cairns, J., & Loos, J. J.

Feeding rate (10 of 20 worms)

n/a

Calfee, R. D. et al.

Swimming activity (time spent moving, velocity, distance moved)

Endpoint search ( lethargy, loss of equilibrium, changes in respiration/pigmentation, etc.)

Capriello, T. et al.

Motility assay (distance moved, mean velocity, cumulative movement,
meander and heading)

Hatching time (including exit time from chorion)

Chen, T. H. et al.

Swimming activity (at free-swimming stage)

Mortality and morphological malformations (at hatch)

De Boeck, G. et al.

Critical Swimming Speed (Ucrit)

Plasma ammona (in test fish and in a third group of fish not tested but exposed to same
conditions - 6/species)

Falcão, B. et al.

Aggression through mirror test, light/dark preference, feeding behavior (w/
live daphnids)

GST (Glutathione S-transferase) enzyme activity, catalase activity, LDH (lactase
dehydrogenase) enzyme & total soluble protein, Monitoring @ 24h, 48h, and 72h from
exposure

Gardner, G. R., & LaRoche, G.

n/a

Olfactory tissue, Brain, Liver, Kidneys, lateral line tissue
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Appendix A continued
Author(s)

"Behavioral" Test

Other Test

Hansen, J. A. et al.

Avoidance test through preference test

n/a

Haverroth, G. M. et al.

Ache activity in the brain and muscle (caudal peduncle); Oxidative stress (brain, muscle,
Novel tank diving (swim activity & vertical exploration); Light-Dark test (twoliver, fills); Superoxide dismutase (SOD) activity; Total thiol protein; Lipid peroxidation;
chamber)
total protein content; Cu concentration in brain, muscle, liver, gills

Kleerekoper, H. et al.

orientation and locomotion in open field with shallow gradient across 49
sections (w/i open field)

n/a

Leitemperger, J. et al.

Novel tank test (locomotor & exploratory beh); Light-dark test

TBARS (thiobarbituric acid reactive substance) and protein carbonyl assay; hydrogen
peroxide content; ROS and Antioxidant capacities; SOD (superoxide dimutase), CAT
(catalase), GST, AChE, and Na+/K+-ATPase activity; Protein concentration; All assays
combined to get the integrated biomarker response

Matz, C. J., & Krone, P. H.

olfaction test (see Vitebsky et al, 2005)

Cell death using TUNEL assay and histology; Electron microscopy to viasualize cell death

Salzinger, K. et al.

Operant conditioning - Fixed ratio
Operant conditioning - fixed interval
Operant conditioning - extinction
Operant conditioning - discrimination (red/green light)

n/a

Sarasamma, S. et al.

3D locomotor activity(upper v. mid v bottom time spent); Aggression via
mirror test; Light-Dark test (two- chamber) to test memory as passive
avoidance; Avoidance (predator) using chamber w/ convict cichlid

Circadian rhythm, oxidative stress in brain through oxidative species, anti-oxidative
enzymes, lipid-peroxidation-realted side products, TBARS, 4-HNE, DNA damage, stress
hormones

Sprague, J. B.

n/a

Lethal concentration test (survival study)

Sprague, J. et al.

Avoidance in a tube

n/a

Svecevičius, G.

Avoidance tests (counter-current flow plastic steep gradient chamber of
alternative preference)

Westlake, G. F. et al.

Choice test (16)

n/a

Zheng, J. L. et al.

n/a

Tissue collection (brain) for chem analysis at different timepoints; ROS, enzyme activity,
protein levels, gene expression in mRNA, protein & activity levels
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Appendix A continued
Author(s)

Obtained Where
(lab/farm/wild)

Comments

Beaumont, M. et al.

Farm raised

Control for each Temp had no Cu and pH 7, n=12/grp; using swimming flume

Beaumont, M. W. et al.

Farm raised

Control for each Temp had no Cu and pH 7, n=12/grp; using swimming flume

Black, J. A., & Birge, W. J.

Farm raised

Two separate sources were used for water flowing into the Fluvarium. Water was suctioned through
the back (the area where the fish was located) to make sure there was no contamination

Blechinger, S. et al.

Lab raised (WT lab-raised
parents for embryos)

Allowed to grow to 50 days if not destined for cell death analysis immediately post-treatment; Fright
response used skin fragments containing alarm substance from dead zebrafish

Bowen, L. et al.

Farm raised

Control for each Temp had no Zn, n=12/grp; Agression was measured as strikes/minutes against
conspecifics ; Feeding activity was measured as strikes/minute against food pellets

Cairns, J., & Loos, J. J.

n/a

Tested in home tank

Calfee, R. D. et al.

Farm/lab raised (hatched in
lab)

No feeding during exposure; tested in home tanks

Capriello, T. et al.

Lab raised

50 embryos for control (breeding solution); tested in petri dishes under recording microscope

Chen, T. H. et al.

Lab raised (Locally sourced
parents for embryos - origin of
parent unknown)

Controls for each part of the experiment; tested in petri dishes under recording microscope

De Boeck, G. et al.

Farm raised

tanks during testing contained 1µM Cu

Falcão, B. et al.

Lagoon (Portugal)

males only; light/dark test had 3 chambers w/ 1 light 1 dark and 1 central neutral region divided by
sliding doors; mirror test for aggression????; control groups for each exposure times w/ 10 fish

Gardner, G. R., & LaRoche, G.

lab raised (hatched in lab);
adults from Rhode Island
estuarine waters
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Appendix A continued
Author(s)

Obtained Where
(lab/farm/wild)

Comments

Farm raised
Hansen, J. A. et al.

n/a
Lab raised (eggs obrtained from
local hatchery)

Haverroth, G. M. et al.

Commercial supplier

Male and females

Kleerekoper, H. et al.

Commercial grower

n/a

Leitemperger, J. et al.

Local supplier

Males; light/dark test @ chambers w/ 1 dark and 1 light

Matz, C. J., & Krone, P. H.

Eggs spawned in lab (parents
obtained from local pet shop)

Behavior test was simply in a petri dish all zebrafish larvae were put in center and a drop of odorant
added to the center and waited for larvae to move in 30s (counted)

Salzinger, K. et al.

n/a

1 fish in each concentration per test & 1 fish as control in regular water

Sarasamma, S. et al.

n/a

n/a

Sprague, J. B.

Hatchery raised (held in lab for
4 months before use)

n/a

Sprague, J. et al.

n/a

Water comes in at each end and leaves from outlets in the center. One side with copper the other
side with nothing.

Svecevičius, G.

Hatchery

n/a

Westlake, G. F. et al.

Commercial grower

5 control replicates; 16 compartments w/ center area all have light beam "doors" to assess passage of
fish; concentrations pumped into area

Zheng, J. L. et al.

Fisheries research institute

n/a
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Appendix B
Literature with Physiological Analyses
Author(s)

Year Published

Species, Family

Common Name

Metal Used

Concentration

Bjerselius, R. et al.

1993

Salmo salar L., Salmonidae

Atlantic Salmon

Cu(II)

6 µg/L (@10µM)

Kumar, N. et al.

Loro, V. L. et al.

Loro, V. L. et al.

Ma, E. Y. et al.

2019

2012

2014

2018

Pangasianodon
hypophthalmus ,
Pangasiidae

Iridescent shark
catfish

Fundulus heteroclitus
macrolepidotus ,
Fundulidae

Mummichog
(Atlantic killifish northern
subspecies)

Fundulus heteroclitus
macrolepidotus ,
Fundulidae

Danio rerio , Cyprinidae

Mummichog
(Atlantic killifish northern
subspecies)

Zebrafish

Control

n/a

Pb

4 ppm

Zn

500 µg/L

Zn - acute

1, 2.5, 5, 10, 15, 20, 30, 40 mg/L
10, 20, 30, 40, 50 mg/L
30, 40, 50, 60, 70, 80 mg/L
70, 80, 90, 120, 140, 160 mg/L

Zn - sublethal
(chronic)

500 µg/L

Cu

0.25 µM (16 ppb)
1 µM (64 ppb)
5 µM (318 ppb)
10 µM (635 ppb)

Other
Temperature
elements/pollutants used
Ca2+ & Mg2+

8-11˚C

Control Diet (no Zn)
Zinc Diet @ 10 mg/kg
Zinc Diet @ 20 mg/kg
Control Diet (no Zn)
Control Diet (no Zn)
Zinc Diet @ 10 mg/kg
Zinc Diet @ 20 mg/kg

26.4-28.8˚C
26.4-28.8˚C
26.4-28.8˚C
26.4-28.8˚C
34˚C
34˚C
34°C

n/a; water type

18.5°C

n/a; water type

18.5°C

n/a

28°C
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Appendix B continued
Author(s)

Group Size

pH

Type of water

Length of
Exposure

Age

Weight

Length

Bjerselius, R. et al.

n/a

6.3-7.4

hard water (Ca2+ 400, 800, 2000, or 4000 µM; Ca2+
400µM+ Mg2+ 3600µM)

8 months

2 yr

125 ± 34g

n/a

Kumar, N. et al.

39/ treatment

n/a

n/a

75d

n/a

3.65 ±
0.75g

n/a

Fresh water (dechlorinated tap water)
Loro, V. L. et al.

6/group (8 groups)

n/a

Salt water (Instant Ocean® sea salt to fresh water) 3.5ppt

96h

Adult 3.5 ± 0.6g 4.2 ± 0.8cm

96h

Adult

2-6g

4-6cm

3h or 24h

5dph

n/a

n/a

Salt water 10.5ppt
Salt water 35ppt (sea water)

Loro, V. L. et al.

12/group

n/a

Fresh water
Salt water - 3.5ppt
Salt water - 10.5ppt
Salt water - 35ppt (sea water)
Fresh water
Salt water - 3.5ppt
Salt water - 10.5ppt
Salt water - 35ppt (sea water)

Ma, E. Y. et al.

50/ group (10/
group used for
behavioral assay)

7.2-7.4

Fresh water with salt added (1000±100µS/cm salinity)
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Appendix B continued
Author(s)

"Behavioral" Test

Other Test

Obtained Where
(lab/farm/wild)

Comments

Bjerselius, R. et al.

n/a

olfactory response test via irrigation of OES

Farm raised

Only copper and calcium/magnesium
concentrations were important in this study

Kumar, N. et al.

n/a

Growth (as weight gained %); Tissues (Gill, liver, muscle, & kidneys) analyzed
for LDH (Lactate dehydrogenase) & MDH (malate dehydrogenase), ALT (Alanine
aminotransaminase) & AST (aspartate aminotransaminase) activity; Liver, gill
& muscle analyzed for G6PDH (Glucose-6-phosphate dehydrogenase) & total
ATPase (adenosine triphosphatase); Intestnies analyzed for Alkalyne
phosphatase & digestive enzymes (amylase, protase, & lipase)

Fish market (aquarium)

Loro, V. L. et al.

n/a

Gill, liver, intestine, & muscle for ROS, TOSC (oxyradical scavenging capacity),
Lipid peroxidation through TBARS analysis, SOD, Protein carbonyl content,
CAT, GST, and GSH.

Local supplier (collected
at local tidal flats by
beach-seining)

Male and females; control group had all same
water types and fish # minus zinc addition

Loro, V. L. et al.

n/a

"Drinking rate" - volume ingested relative to body mass (ratio); Na+/K+ ATPase Local supplier (collected
& Ca2+ ATPase activity; Zn concentration in water, plasma, and tissue
at local tidal flats by
(gill/intestines)
beach-seining)

no sex noted; drinking rate used radiolabeled
PEG4000 added to new chamber where they
were kept for 6 hours

Ma, E. Y. et al.

olfaction test (see
Heffern et al, 2018)

cell proliferation; imaging of olfactory sensory epithelium and neurons

Eggs spawned in lab;
parents origin uknown;
transgenic zebrafish
obtained from another
lab

placed in a small 3 chamber with dividers; 1 side
w/ odorant TCA and other side empty; mixed,
then lifted dividers.
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Appendix C
Literature for Accumulation Analyses
Author(s)

Year
Published

Adeniyi, A. A. et al.

2007

Adeosun, F. I. et al.

2015

Bawuro, A. A. et al.

2018

Farombi, E. et al.

2007

Ibemenuga, K. N. et
al.

2019

Olowu, R. A. et al.

2010

Shyn, A. et al.

2012

Species, Family

Common Name

Tilapia species, Cichlidae
Chrysichthys species, Claroteidae
Hepsetus odoe , Hepsetidae
Chrysichthys nigrodigitatus, Claroteidae
Tilapia mariae , Cichlidae
Malapterurus electricus , Malapteruridae
Heterobranchus bidorsalis, Clariidae
Parachanna obscura , Channidae
Tilapia zilli , Cichlidae
Brycinus nurse Alestidae
Heterotis niloticus Arapaimidae
Oreochromis niloticus , Cichlidae
Clarias anguillaris , Clariidae
Heterotis niloticus Arapaimidae
Tilapia zillii , Cichlidae

Tilapia
Catfish
African pike charcin
Bagrid catfish
Spotted tilapia
Electric catfish
African catfish
Obscure snakehead
Redbelly tilapia
Nurse tetra
African arowana/bony tongue
Nile tilapia
Mudfish (called Catfish)
African arowana/bony tongue
Redbelly tilapia (called Mango fish)

Clarias gariepinus , Clariidae

African cat fish

Tilapia zilli , Cichlidae
Malapterurus electricus , Malapteruridae
Clarias gariepinus , Clariidae
Tilapia zilli , Cichlidae
Chrysichthys nigrodigitatus, Claroteidae

Redbelly tilapia
Electric catfish
African sharptooth catfish
Redbelly tilapia
Bagrid catfish

Fundulus heteroclitus , Fundulidae

Mummichog

Author(s)

Measurements
(Weight/Length)

Adeniyi, A. A. et al.

n/a

Adeosun, F. I. et al.

n/a

Bawuro, A. A. et al.

Weight, Total Length

Metal Found

Total N

Ca, Fe, Mn, Zn, Cd, Pb

n/a

Cu, Zn (Pb & Cd tested
but not present)

n/a

Pb, Cd, Cu, Zn

5
5
5

Cd, Zn, Pb, Cu(As tested
but not present)

20

Cd, Zn (Pb & Hg tested
but not present)

49
29
43

Zn, Ni, Fe

n/a

Zn (various
concentrations)

n/a

Other Assessments (to water/soil)

Location
(River/Lake/Ocean)

Water Type
(Salt/Fresh)

Flesh (muscle)

pH

River (wild caught)

Fresh

Flesh (muscle) & Bone

water concentrations

River (wild caught)

Fresh

Liver, Gills, Flesh (no scales)

Water and soil concentrations

Lake (wild caught)

Fresh

River (wild caught)

Fresh

Organs Tested

Farombi, E. et al.

Weight

Liver, Heart, Gills, Kidneys

Total Protein, GSH & Glutathione,
Antioxidant enzymes, MDA
(Malondialdehyde)

Ibemenuga, K. N. et
al.

n/a

Gills, Muscles, Intestines

n/a

River (bought fishermen
at dock)

Fresh

Olowu, R. A. et al.

n/a

Head, Trunk, Tail, Gills, Intestines
(no scales)

Water and soil concentrations

Lagoons

Fresh

Shyn, A. et al.

n/a

Liver, Gills, Intestines, Heart,
Gallbladder, Kidneys, Carcass
(remaining organs)

Temperature, salinity, DO, pH,
ammonia, nitrate, and nitrite

In lab (wild caught from
River basin & creek)

Fresh and Salt
(35ppt)
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Appendix D
Scoring of Literature
Scoring of literature to determine how complete the study and/or publication is.

Author(s)

Year
Published

Metal
Temperature
Used/Found

pH

Salinity

Age (1, +1 For
specific)

Weight

Length

Group Size
Sex ( 1 if not
(1, +1 for
possible to
more than 5
sex)
per group)

Type of
water

Source of
Fish

Statistics
run? (1, +1
for power
analysis)

SUM

Adeniyi, A. A. et al.

2007

1

0

1

0

0

0

0

0

0

1

1

1

5

Adeosun, F. I. et al.

2015

1

0

0

0

0

0

0

0

0

1

1

1

4

Bawuro, A. A. et al.

2018

1

0

0

0

0

1

1

0

2

1

1

1

8

Farombi, E. et al.

2007

1

0

0

0

0

1

0

0

2

1

1

1

7

Ibemenuga, K. N. et al.

2019

1

0

0

0

0

1

1

0

2

1

1

1

8

Olowu, R. A. et al.

2010

1

0

0

0

0

0

0

0

0

1

1

0

3

Note. Accumulation Assessment scoring table has a maximum possible score of 15 points.

17
17
11
12.5
17
8
12
14
15
14
13
10
11
13
12
12
11
17
15
16
13
5
14
14
9
4
16
9
12

1
1
1
0.5
1
0
1
1
1
1
1
0
1
1
0
1
1
1
1
1
1
0
1
1
1
0
1
1
1

1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
0
1
1
0
1
1
1

2
2
0
0
2
2
0
0
1
2
2
0
0
0
2
1
0
2
0
0
0
0
2
2
1
0
1
0
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1

0
0
0
0
0
0
0
0
1
0
0
0
0
1
0
1
0
0
0
0
0
0
0
1
0
0
0
0
0

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
1
0
1
1
1

2
2
0
1
0
0
0
1
1
2
1
1
1
1
1
0
2
1
1
2
1
1
1
1
1
1
1
1
0

2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
2
0
2
2
2
2
1
2
1
0
0
2
2
2

1
0
0
0
1
0
1
1
1
0
0
0
0
0
0
1
1
1
1
1
1
0
1
1
0
0
0
0
0

1
1
0
1
0
0
1
1
1
0
1
1
0
1
0
1
1
1
1
1
1
0
0
0
0
0
0
0
0

0
0
1
0
2
0
0
0
0
0
1
0
1
0
1
0
0
1
1
0
0
0
0
0
1
0
1
1
0

1
1
0
0
2
0
0
0
0
1
0
0
0
0
0
1
0
1
1
0
0
1
0
0
0
0
1
0
1

1
2
1
2
2
0
2
2
2
0
0
2
1
2
0
0
0
1
1
2
2
0
2
1
0
2
2
0
2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
1
1
1
0
0
0
1
0
0
0
0
0

1
1
1
1
0
0
0
1
0
1
0
0
1
0
1
0
0
0
0
1
0
0
1
1
1
0
1
0
0

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
1
0
1
0
0

2
2
2
2
2
2
2
2
2
2
1
1
2
2
1
2
2
2
2
2
2
2
1
1
1
2
2
2

1993

1980

2007

2006

1967

2016

2019

2014

2006

2019

1973

1999

2015

1972

2019

2019

2012

2014

2018

2007

1973

2018

2012

1964

1965

2001

1974

2017

Bjerselius, R. et al.

Black, J. A., & Birge, W. J.

Blechinger, S. et al.

Bowen, L. et al.

Cairns, J., & Loos, J. J.

Calfee, R. D. et al.

Capriello, T. et al.

Chen, T. H. et al.

De Boeck, G. et al.

Falcão, B. et al.

Gardner, G. R., & LaRoche, G.

Hansen, J. A. et al.

Haverroth, G. M. et al.

Kleerekoper, H. et al.

Kumar, N. et al.

Leitemperger, J. et al.

Loro, V. L. et al.

Loro, V. L. et al.

Ma, E. Y. et al.

Matz, C. J., & Krone, P. H.

Salzinger, K. et al.

Sarasamma, S. et al.

Shyn, A. et al.

Sprague, J. et al.

Sprague, J. et al.

Svecevičius, G.

Westlake, G. F. et al.

Zheng, J. L. et al.

Note. Behavior and Physiology scoring table has a maximum possible score of 25 points.

17

1

1

2

0

0

1

2

2

1

1

0

1

1

0

1

1

2

SUM

2

Statistics
Diet (1 for
Source of run? (1, +1
Illuminati
type, +1 for
for power
Fish
on (Lux)
schedule)
analysis)

1995

Time of Test

Length of
Exposure

1995

Salinity

pH

Type of
Group Size water (1 for
Sex ( 1 if not
Weight
type, +1 for
(1, +1 for
Size of
Length (1, +1
Age (1, +1 For
possible to
(Multiple +1
holding tank more than 5 specific ion
for multiple)
specific)
sex)
extra)
per group) concentratio
n)

Beaumont, M. et al.

Metal Used
(1, +1 for Temperature
specific type)

Beaumont, M. W. et al.

Author(s)

Year
Published
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